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Abstract 
Plasma Discharges in Produced Water and Its Applications to Large Scale Flow 
HyoungSup Kim 
Advisor: Dr. Young I. Cho  
 Natural gas from shale is a relatively clean energy source and is widely viewed as a 
key asset for economic growth in the U.S. Extraction of shale gas and oil through 
horizontal drilling and hydraulic fracturing is expected to continue to grow. Likewise, 
volumes of produced water, which is wastewater from oil and gas production, are also 
expected increase in the future. Currently, a number of different methods are used to treat 
produced water for surface discharge, reuse in the shale formation, and other beneficial 
use. The objective of the present study was to utilize plasma discharges to treat a large 
volume of produced water for the purpose of recycling it for subsequent fracking. To 
recycle produced water, both bacterial inactivation and water softening are required, 
which are the two main objectives of the present plasma water treatment study.  
  The present study consists of two parts: (1) a bacterial inactivation study using both 
gliding arc discharge (GAD) and high frequency spark discharge and (2) the study of a 
spark-assisted self-cleaning (SASC) filtration technology in produced water. Note that 
the SASC filtration technology is a key component for plasma-assisted water softening. 
Microorganisms, particularly acid-producing bacteria (APB) and sulfate-reducing 
bacteria (SRB) in produced water, cause microbiologically influenced corrosion such as 
pipeline corrosion, reservoir souring, and biofouling, which are persistent problems in oil 
and gas production.  
  
xv
 E-coli contaminated water was used for the bacterial inactivation study, and the 
effects of H2O2 and low pH generated by GAD on the inactivation of E-coli bacteria were 
investigated at a range of water injection rates and air flow rates within GAD system. 
Furthermore, it was shown that the magnitude of bacterial inactivation and its energy 
efficiency in a large volume of water could be increased by the use of a microbubble 
generator to re-inject plasma byproducts in gas form to plasma-treated water enabling the 
residual effects of plasma water treatment to be captured and used. 
 A new co-axial electrode system was developed for the generation of spark 
discharges in high-conductivity produced water. This new technology was used in both 
the biodecontamination and water softening parts of the present research. In static batch 
tests (no flow), 10-min treatment of semi-transparent produced water by spark plasma 
showed a 3-log reduction of APB and 2-log reduction of SRB based on the most probable 
number method in cfu/mL units. In once-through flow tests at water flow rate between 1 
and 5 gpm, 2-log reduction of APB was observed in the case of semi-transparent 
produced water, whereas 1-log to 1.5-log reductions were observed in dark produced 
water. The energy efficiency (D-value) for APB inactivation in once-through flow tests 
of dark produced water was 1.7 kJ/L per 1-log reduction.  
 The validation study for the SASC filtration technology was conducted using 10-in 
cartridge filters having 3- and 5-micron pores in synthetic (high conductivity) produced 
water and actual produced water. Tests of SASC filtration were performed at different 
levels of total dissolved solids (TDS) and total suspended solids (TSS) and at a range of 
flow rates. The present study demonstrated the validity of the SASC filtration concept 
with water samples having TDS levels ≤ 50,000 mg/L and TSS levels ≤ 2,500 mg/L. 
  
xvi
Pressure drops across the filter cartridges obtained with spark discharges were 
significantly less than baseline pressure drops (i.e., without spark discharges). Pressure 
drops increased consistently over time in baseline tests resulting in pump failure due to 
excessive pressure buildup. 
 In summary, the present study demonstrated the feasibility of plasma treatment of 
wastewater from shale-oil and shale-gas exploration. In particular, the present study 
validated that the plasma water treatment could be done in an energy-efficient manner in 
a large enough scale that can be utilized by the wastewater treatment industry. 
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Chapter 1. Introduction 
1. Overview of the study 
 Produced water is the wastewater that accompanies oil and gas extraction during the 
production phase of wells. Produced water contains a mixture of various organic and 
inorganic compounds. Water is employed in traditional and unconventional hydrocarbon 
extraction methods, and because of the overall increasing worldwide volumes of 
produced water, the discharge and treatment practices used for produced water are also 
increasingly significant issues of environmental concern. Currently, produced water is 
treated by a number of different physical, chemical, and biological methods.  
 The present study examined the feasibility of using high-voltage plasma discharges 
for the treatment of produced water and flowback water. The plasma technology is 
known as a cost-effective and environmentally friendly technology for the destruction of 
microorganisms in water [1-4]. Plasma discharges, when applied inside water, generate 
large concentrations of active plasma species, creating powerful interactions between 
plasma and water. The overall objective of this study was to develop a plasma water 
treatment system, with which one can investigate the effectiveness and efficiency of 
plasma-based produced water treatment for larger volumes of water creating methods that 
are scalable for industrial use. The present study had as its primary aim the validation of 
two clear goals: (1) plasma-based bacterial inactivation in produced water and (2) 
plasma-assisted self-cleaning filtration. 
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1.1. Gas extraction from shale 
 Natural gas is considered as a clean energy source because its combustion produces 
much less amounts of harmful emissions (i.e., carbon dioxide, nitrogen oxide and sulfur 
oxide) than either combustion of coal or oil [5]. The U.S Energy Information 
Administration (EIA) reported that the U.S. has total 4,829 trillion cubic feet (Tcf) of the 
potentially recoverable dry natural gas [6]. Particularly, there are more than 1,744 Tcf of 
capable natural gas from shale (see. Figure 1) in the U.S. [7] which is enough to supply 
the U.S. for the next 110 years [6, 8, 9]. Note that less than 1% of the Marcellus shale has 
been explored to date according to U.S. EIA as of 2012 [6]. Shale gas production in the 
U.S. is expected to increase threefold and will account for nearly half of all natural gas 
produced by 2035 [6]. Particularly, natural gas from shale in the U.S. is now widely 
viewed as a key element for fundamental economic growth. Accordingly, its extraction 
through horizontal drilling and hydraulic fracturing is expected to continue to grow in the 
U.S. [6-9]. 
 Traditional gas-well drilling uses a single vertical well to extract gas trapped 
permeable rock formation where gas flows freely through pore spaces to the Wellbore. 
Hydro-fracking uses high-pressure fracturing fluids to create fractures, which consists of 
large volumes of water and a lot of chemical additives, as well as propping agents, such 
as sand, to allow the gas to flow as shown in Figure 2. Although hydraulic fracturing was 
first used in the 1940s, the practice was not widely applied until the 1990s, when natural 
gas prices increased, and advances in horizontal drilling made the technique more 
productive. Horizontal drilling increases the volume of rock which a single well can 
access, thereby reducing the total number of wells required at the surface. The horizontal 
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leg of a gas well is fractured in lengths of 90 - 150 m, allowing up to 15 separate 
fracturing events along one horizontal well [8, 9]. Fracturing depth depends on target 
rock formations but varies from 150 m to more than 4,000 m for the major shale 
formations in the U.S. [6]. 
 
DOE: MODERN SHALE GAS DEVELOPMENT IN THE UNITED STATES: A PRIMER, 2009 
Figure 1. Shale basins in the lower 48 states. 
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Information courtesy of Earthworksaction. org, March 2013 
Figure 2. Shale gas extraction and hydraulic fracturing. 
 
1.2. Needs of water for hydro-fracturing 
 Global produced water production is estimated at around 250 million barrels per day 
compared with around 80 million barrels per day of oil in 2009. As a result, water to oil 
ratio is around 3:1, that is to say, water cut is 70% [10]. In 1998, produced water from 40 
counties in the State of Colorado was estimated as 221 million barrels in comparison to 
only about 22.5 million barrel of oil produced over the same period, while 2001 
production stood at 360 million barrels of water against 25.5 million barrels of crude oil 
[11]. In 1993, the U.S. produced about 2.5 billion barrels of crude oil against about 25 
billion barrels of unwanted water for the same year [12]. The extent to which produced 
water problem is a big concern in the oil and gas industry is reflected in the fact that 
unwanted production of water was estimated to cost the petroleum industry about $45 
billion a year according to Halliburton in 2001 [11]. In addition to the cost associated 
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with the unwanted production of water, certain environmental concerns have arisen that 
center on the aggressive consumption of water and, more importantly, possible pollution 
of local water resources by frac/produced waters, threatening surface-water quality at 
multiple points. Gas-well development of any type creates surface disturbances as a result 
of the release of contaminants produced from deep groundwater (e.g., brines). 
Furthermore, the use of hydraulic fracturing poses additional environmental threats due to 
water withdrawals and contamination from fracking-fluid chemicals [9].  
 Surface waters may serve as sources for drilling and fracking fluids – each well uses 
between 2 and 7 million gallons (~7.5 - 26 million liters) of source water [7, 9]. For 
example, Smith [13] reported that approximately 3.4 - 7.4 million gallons of water was 
used per well for completions in most active fracking programs. Fracturing fluids 
typically include a combination of additives that serve as friction reducers, cross-linkers, 
breakers, surfactants, biocides, pH adjusters, scale inhibitors, and gelling agents [14, 15] 
as shown in Figure 3. The total amount of fracturing fluids used over a 4-year period was 
approximately 780 million gallons (~2.9 billion liters) (not including dilution water) in 
the U.S. [9].  
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Source: Compiled from Data collected at a Fayetteville Shale Fracture Stimulation by ALL Consulting 2,008. 
Figure 3. Composition of typical gas shale fracking fluid. 
 
1.3. Characteristics of produced water  
 From the hydraulic fracturing and gas extractions, the water-based fracturing fluids 
flow back through the wellhead. This water is referred to as produced water (flowback 
water) and consists of 10 – 30% of fracture fluids recovered from production activities 
and dissolved constituents in underground fluids from the formation itself. The 
characteristics of produced water depend on the nature of the shell formation, the 
operational conditions, and chemicals used in process facilities. Although the 
composition of produced water from different sources can vary by order of the 
magnitude, produced water composition is qualitatively similar in both oil and gas 
productions [16]. Figure 4 shows the water samples used in the present study, which 
were obtained from a shale-gas exploration site (Springville, PA) and a shale-oil 
exploration site (Eagle Ford, TX). The produced water from shale-gas exploration site 
appeared transparent, while that from shale-oil production site was extremely dark. 
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(a) 
   
(b) 
   
Figure 4. Produced water samples used in this study: (a) from shale-gas production 
(Springville, PA), (b) from shale-oil production (Eagle Ford, TX). 
 
 The produced water generally contains not only fracking additives but also elevated 
levels of dissolved metal ions, dissolved solids (e.g., brine), organics, and radionuclides 
that occur naturally in deep ground waters [9, 10]. In addition, produced water can also 
include lead, ethylene glycol, diesel, and formaldehyde, as well as benzene, toluene, 
ethyl-benzene, and xylene (e.g., BTEX) compounds. Ahmadun et al. [10] reported the 
concentrations of various water properties in oil and gas produced water, including TDS, 
TSS, electric conductivity, pH, alkalinity, BOD, COD, metal ions, non-metal ions, 
surfactants, BTEX, oil and grease. The typical properties of produced water from gas and 
oil field are shown in Tables 1 and 2 [10].  
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Table 1. Constituents (mg/L) in natural gas produced waters [10].   
 
Parameter Minimum
value 
Maximum 
value
Parameter Minimum 
value 
Maximum 
value 
pH 4.4 7.0 Iron ND 1,100 
pH 3.1 6.47 Iron 39 680 
Conductivity (µΩ/cm) 4,200 180,000 Lead <0.2 10.2 
Conductivity (µΩ/cm) 136,000 586,000 Lithium 18.6 235 
Alkalinity 0 285 Magnesium 0.9 4,300 
TDS 2,600 310,000 Magnesium 1,300 3,900 
TDS 139,000 360,000 Manganese 0.045 6.5 
TSS 14 800 Manganese 3.59 63 
TSS 8 5,484 Nickel ND 0.02 
BOD  75 2,870 Nickel <0.08 9.2 
COD 2,600 120,000 Potassium 149 3,870 
Aluminum ND 0.4 Silver 0.047 7 
Aluminum <0.50 83 Sodium 520 45,000 
Arsenic 0.004 1 Sodium 37,500 120,000 
Arsenic <0.005 151 Strontium – 6,200 
Barium ND 26 Sulfate <0.1 47 
Barium 9.65 1,740 Sulfate ND 19 
Boron ND 56 Tin ND 1.1 
Bromide 150 1,149 Zinc ND 0.022 
Cadmium ND 0.015 Zinc <0.02 5 
Cadmium <0.02 1.21 TOC 67 38,000 
Calcium ND 25,000 Surfactants 0.08 1,200 
Calcium 9,400 51,300 Benzene 1.8 6.9 
Chloride 1,400 190,000 Benzene <0.010 10.3 
Chloride 81,500 167,448 Toluene 0.857 3.37 
Chromium ND 0.03 Toluene <0.010 18 
Copper ND 0.02 Oil/grease 6 60 
Copper <0.02 5 Oil/grease 2.3 38.8 
     *ND:  no data                                                                                                                                            
 
 
 
 
 
 
 
 
 
   
9
Table 2. Summary of oilfield-produced water parameters [10]. 
 
Parameter Values Heavy metal Values (mg/L) 
Density (kg/m3 ) 1,014–1,140 Calcium 13–25,800 
Surface tension (dyne/cm) 43–78 Sodium 132–97,000 
TOC (mg/L) 0–1,500 Potassium 24–4,300 
COD (mg/L) 1,220 Magnesium 8–6,000 
TSS (mg/L) 1.2–1,000 Iron <0.1–100 
pH 4.3–10 Aluminum 310–410 
Total oil (IR; mg/L) 2–565 Boron 5–95 
Volatile (BTX; mg/L)  0.39–35 Barium 1.3–650 
Base/neutrals (mg/L) <140 Cadmium <0.005–0.2 
Total non-volatile oil and grease by 
GLC/MS base (µg/L) 
275 Chromium 0.02–1.1 
Chloride (mg/L) 80–200,000 Copper <0.002–1.5 
Bicarbonate (mg/L) 77–3,990 Lithium 3–50 
Sulfate (mg/L) <2–1,650 Manganese <0.004–175 
Ammoniacal nitrogen (mg/L) 10–300 Lead 0.002–8.8 
Sulfite (mg/L) 10 Strontium 0.02–1,000 
Total polar (mg/L)  9.7–600 Titanium <0.01–0.7 
Higher acids (mg/L)  <1–63 Zinc 0.01–35 
Phenols (mg/L) 0.009–23 Arsenic <0.005–0.3 
VFA’s (volatile fatty acids) (mg/L) 2–4,900 Mercury <0.001–0.002 
Silver <0.001–0.15 
 Beryllium <0.001–0.004 
 
 The balance between the demand and the production of produced water and 
flowback water is a delicate issue as the drilling increases in the future. In Marcellus 
shale gas production, typically 10 – 30% of the water used to fracture wells returned to 
the surface in 2011 [17], presumably after some treatments.  
 Produced water is simply characterized by excessively high TDS level, with 
produced water from the Marcellus shale typically having even higher TDS than other 
rock formations. Conventionally, water can be classified by the amount of TDS mg/L 
shown in Table 3. TDS of 5,000 mg/L is the minimum threshold for a water to be 
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considered brine, whereas the typical range of TDS in produced water is 30,000 to 
100,000 mg/L.  
 When the produced water flows back through a wellhead, it contains not only 
fracking additives but also elevated levels of metal ions, dissolved solids (e.g., brine), 
organics, and radionuclides [9, 10].  
 Figure 5 is a graph reported by Blauch [18] using data from over 100 flowback 
samples; this graph represents not only a comparison of TDS variations for select 
formations, but it also shows one of the most prominent unexplained phenomena 
observed in the Marcellus and other plays, that is the gradual increase in both the 
concentration of dissolved salts and flowback volume in produced waters during the first 
year after hydraulic stimulation [18, 19]. 
 While conductivity, salinity, and TDS are all different, with some laboratory and 
field procedures utilizing conductivity based measurements and meters to assess the 
aforementioned, these are grouped together here for the purposes of discussing produced 
waters, as most of the dissolved solids are due to dissolved salts such as NaCl. While 
caution should be used with this assumption, trends in TDS, conductivity and salinity 
tend to coincide for produced waters at high solids concentrations.  
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Table 3. Classification of water by the amount of TDS (mg/L) [20]. 
Classification TDS range (mg/L) 
Drinking water < 250 
Fresh water < 1,000 
Brackish water 1,000 to 10,000 
Saline water 10,000 to 30,000 
Brine > 30,000 
 
 
 
 
 
Figure 5. Typical Total Dissolved Solids (TDS) variance per well over the first year of 
production for select formations [18, 19].   
 
   
12
1.4. Produced water management 
 Produced water production and its composition as well as the environmental issues 
and current practices associated with the management of produced water streams will be 
described in this chapter. It is important that produced water is handled and disposed to 
protect the human health and the environment [21].  
 Hayes and Arthur  [21, 22] explained the available options to manage produced 
water in Table 4. 
Table 4. Options of the management of produced water [21, 22]. 
No. Options Management of produced water 
1 Injection Injection of produced water into the same formation from which 
the oil is produced or transfer to another formation 
2 Discharge Treatment of produced water to meet onshore or offshore 
discharge regulations 
3 Reuse in oil and 
gas operation 
Treatment of produced water to meet the quality required to use 
it for usual oil and gas fields operations 
4 Consume in 
beneficial use 
Produced water treatment to meet quality required for beneficial 
uses such as irrigation [23], range land restoration, cattle and 
animal consumption, and drinking water [24] 
  
 Since there are multiple needs that should be addressed in the treatment of 
produced water and flowback water, a number of different conventional physical, 
chemical, and biological methods are used [10, 21], which include activated carbon, 
various forms of filtration (such as sand filters, cartridge filters, multi-media filtration, 
membrane filtration), organic-clay absorbers, chemical oxidation, UV disinfection, 
chemical biocides, air strippers, chemical precipitation, water-softening by applying 
lime soda, clarifiers, settling ponds, ion exchange, reverse osmosis, evaporation, steam 
stripping, and acidification.  
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 Table 5 shows what methods is used to treat and what targets in the treatment of 
produced water and flowback water. In nearly all of the above cases, each modality of 
technology can hit a single target, i.e., each process has application to a limited number 
of basic functions. No single treatment technology can treat them all. 
 Treatment of produced water has the potential to generate a harmless and valuable 
product of water. Accordingly, the general objectives for operators for treating produced 
water are as follows [22]: (1) de-oiling: removal of free and dispersed oil and grease 
present in produced water, (2) soluble organics removal: removal of dissolved organics, 
(3) disinfection: removal of bacteria, microorganisms, algae, etc., (4) suspended solids 
removal: removal of suspended particles, sand, turbidity, etc., (5) dissolved gas removal: 
removal of light hydrocarbon gases, carbon dioxide, hydrogen sulfide, etc., (6) 
desalination or demineralization: removal of dissolved salts, sulfates, nitrates, 
contaminants, scaling agents, etc., (7) softening: removal of excess water hardness, (8) 
sodium Adsorption Ratio (SAR) adjustment: addition of calcium or magnesium ions into 
the produced water to adjust sodicity levels prior to irrigation, and (9) miscellaneous: 
removal of naturally occurring radioactive materials (NORM). Currently, a number of 
physical and chemical methods are used for the treatment of produced water and 
flowback water to remove one species at a time as shown in Table 5.  
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Table 5. Unit processes and commercial applications to produced water treatment [21]. 
 
 = Indicates that the technology is applicable as a potential remedy as indicated by data 
collected from pilot or commercial scale units. *SAR: sodium absorption ratio parameter 
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1.5. Microbiologically influenced corrosion in gas and oil fields 
 The oil and gas industries have recognized pipeline corrosion, reservoir souring, and 
biofouling caused by microorganisms over the past 50 years, which are major issues that 
result in higher costs, increased health risks, and a host of operating problems [25, 26]. 
The corrosion-fouling related problems can occur anywhere in the production 
environment and cause ruptures that seriously impede operations as shown in Figure 6 
[27]. Specifically, the corrosion caused by microorganisms is often referred as 
microbiologically-influenced corrosion (MIC), which is the officially accepted 
terminology by NACE (The National Association of Corrosion Engineers) to address this 
type of corrosion. 
     
 
Figure 6. Pictures of microbiologically influenced corrosion (MIC) inside pipe line [27]. 
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MIC can be mainly caused by two bacteria, i.e., sulfate reducing bacteria (SRB) and acid-
producing bacteria (APB). Sulfate-reducing bacteria which are nonpathogenic and 
anaerobic bacteria [28] can lead to severe environmental and industrial problems, 
especially in the oil and gas industry, because they produce corrosive, reactive, and toxic 
sulfide [29]. Sulfate reducing capability is currently identified in four different bacterial 
phyla (Proteobacteria, Firmicutes, Nitrospira, and Thermodesulfobacterium), as well as in 
phyla Euryarch- aeota and Crenarchaeota within Archaea [30]. Sulfate-reducing bacteria 
obtain energy by oxidizing organic compounds, while reducing sulfate ions to H2S. In 
other words, SRB breathes sulfate rather than oxygen in a form of anaerobic respiration. 
Abundant anaerobic bacteria can cause corrosive by-products (e.g., H2S) and biological 
fouling [31]. On the other hand, APB produces organic acids which can decrease pH to 
create corrosion on metal surfaces such as those of submersible pumping components 
[32]. 
 The APB has now been recognized as a possible major cause of corrosion, mainly 
because their fermentative activities cause pH, particularly in the biofilms, to drop into 
the acid range. Under these conditions, an acid-driven form of corrosion could occur, 
where the metals begin to dissolve and concrete structures lose integrity. This form of 
acid-corrosion can be viewed as an initiating, or alternate, event to SRB-initiated 
electrolytic corrosion. In the last two decades, industry has become more aware of the 
risks posed by the APB and have come to generally view the creation of acidic pH levels 
to be predominantly driven by the APB. This heightens the corrosion risk to the 
engineered systems within the affected zone. These fatty acids are the common product 
of reductive microbial fermentation and can cause the pH of the environment to drop into 
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the acidic range. The fermentative bacteria able to do this are the acid-producing bacteria 
(APB). 
 Essentially, the APB could be viewed as setting up the conditions for increased levels 
of aggressivity by both the SRB and the methane (biogas) producing bacteria, which 
utilize the fatty acids generated by the APB. In this environment, there is microbial 
competition for the acetate (under reductive conditions) between the SRB and the 
bacteria able to generate methane as shown in Figure 7. This latter group is known as the 
methanogenic (methane-producing) bacteria (MPB) and can generate significant 
quantities of biogas. 
 
Figure 7. Flowchart of actions of combination among APB, MPB and SRB [33]. 
 
  Little et al. [34] explained the mechanism of the MIC caused by APB to produce 
organic (acetic) acid and its types. Elemental sulfur, thiosulfates, metal sulfides, H2S, and 
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tetrathionates can be oxidized to sulfuric acid by microorganisms generically referred to 
as thiobacilli or sulfur oxidizing bacteria (SOB). Heterotrophic bacteria that secrete 
organic acids during the fermentation of organic substrates are referred to as acid-
producing bacteria (APB). The kinds and amounts of acids produced depend on the type 
of microorganisms and the available substrate molecules. Organic acids may force a shift 
in the tendency for corrosion to occur. The impact of acidic metabolities is intensified 
when they are trapped at the biofilm-metal interface. Acetic acid from Clostridium 
aceticum and sulfuric acid produced by SOB, such as Thiobacillus thixidans, are obvious 
contributors to corrosions [34]. In addition, it has been demonstrated that the organic 
acids of the Krebs cycle can promote the electrochemical oxidation of a variety of metals 
by removing or preventing the formation of an oxide film [34].  
  The problem of hydrogen sulfide and other odorous sulfide compounds in anaerobic 
conditions by SRB is worsened by higher temperatures encountered in the summer and in 
more tropical climates [35]. Hydrogen sulfide has an obnoxious characteristic rotten egg 
odor and is toxic even in low concentrations. It is also highly corrosive to metal and 
concrete components of water transport and treatment systems. Oxidizing substances 
such as chlorine, hydrogen peroxide, ozone, oxygen, and potassium permanganate can be 
added to water to control hydrogen sulfide odors [35] as they reduce the hydrogen sulfide 
concentrations by oxidizing the hydrogen sulfide and by providing aerobic conditions to 
inactivate the SRB. These substances are very strong oxidants and effectively oxidize the 
hydrogen sulfide in water, but are rapidly depleted through the oxidation of other 
components of the water, and do not have a sustained effect.  
 Von Wolzogen Kuehr and Van der Vlugt in 1934 [36] proposed a mechanism of 
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corrosion induced by SRB which is a depolarization through oxidation of the cathodic 
hydrogen as formulated in the cathodic depolarization theory [28]. When metal is 
exposed to water, it becomes polarized by losing positive metal ions (anodic reaction). 
The free electrons reduce water-derived protons (cathodic reaction) in the absence of 
oxygen, to produce hydrogen that inhabits on the metal surface that will establish a 
dynamic equilibrium. Sulfate-reducing bacteria are expected to consume the formed 
hydrogen (according to Reaction 4 in Table 6), thus oxidation of Fe happens [37, 38]. 
This mechanism increases the anodic metal dissolution, and consequently FeS and 
Fe(OH)2 as corrosion products are formed [39]. 
Table 6. Cathodic depolarization mechanism of metal corrosion by SRB [28]. 
Anodic reaction (1) 4Fe   4Fe2+ +  8e- 
Water dissociation (2) 8H2O   8H+  +  8OH- 
Cathodic reaction (3) 8H+  +  8e-    8H  +  4H2 
Hydrogen oxidation (4) SO4  +  4H2    H2S  +  2H2O  +  2OH-  
Precipitation (5) Fe2+  +  H2S    FeS  +  2H+ 
Precipitation (6) 3Fe2+   +   6OH-    3Fe(OH)2 
Total Reaction 4Fe  +  SO42-  +  4H2O    FeS  +  3Fe(OH)2  +  2OH- 
 
 Figure 8 shows iron corrosion mechanism that is based on cathodic depolarization 
theory. In real condition, SRB is attached to metal surface, but for convenience, the 
bacterial cells are shown separately. At the cathodic site, reducing agents designated as 
[H] from the iron flow to the bacteria and are used for reduction of sulfate (SO42-) to 
sulfide (H2S). At the anodic site, only one fourth of the dissolved Fe2+ reacts 
stoichiometrically with H2S to form FeS [40]. In the presence of CO2 and bicarbonate, as 
common in marine environments, the remaining Fe2+ precipitates as FeCO3; in the 
absence of bicarbonate, the more soluble Fe(OH)2 is formed [41]. The total reaction of 
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corrosion is as follows: 
4Fe  +  SO4  +  3HCO3-  +  5H+      FeS  +  3FeCO3  +  4H2O              (1-1) 
 
 
Figure 8. Scheme of iron corrosion by SRB based on reactions as suggested by the 
cathodic depolarization theory: I, iron dissolution; II, water dissociation; III, proton 
reduction; IV, bacterial sulfate reduction and V. sulfide precipitation [28]. 
 
 Hao et al. [42] provided critical reviews on SRB, reporting that both sulfate reducing 
bacteria and sulfide-oxidizing bacteria generated hydrogen sulfide and subsequently 
sulfuric acid through microbially mediated-reactions. They reported that a number of 
variables affected the metabolism of SRB, which included carbon, energy, and sulfur 
sources, ecology, growth factors (dissolved oxygen, temperature, pH, and sulfide), and 
the competitive effects of methane producing bacteria. 
 Rosnes et al. [43] investigated thermophilic sulfate reducing bacteria, which were 
isolated from oil field waters from oil production platforms in the Norwegian sector of 
the North Sea. The temperature range for growth was 43 to 78°C; the spores were 
extremely heat resistant and survived 131°C for 20 min. The optimum pH was 7.0. The 
isolates grew well in salt concentrations ranging from 0 to 800 mmol of NaCl per liter. 
   
21
Electron micrographs revealed a gram-positive cell organization. The isolates were 
classified as a Desulfotomaculum sp. These bacteria were shown to be widespread in oil 
field water from a number of different platforms.  
 Tardy-Jacquenod et al. [44] studied the occurrence and metabolic capacities of 
sulfate reducing bacteria in 23 water samples taken from producing wells at 14 different 
sites, including oil fields in France, the North Sea, and the Gulf of Guinea (salinity 
ranging from 0.3 to 120 g/L and temperature between 29 and 85°C). Most of the 
identified strains were members of the general Desulfovibrio and Desulfotomaculum by 
molecular, morphological, and physiological properties. 
 Ferris et al. [45] studied populations of corrosion enhancing sulfate-reducing bacteria  
and organic acid-producing bacteria using steel plugs at an oil field water injection plant 
near Wainwright, Alberta. The sample plugs were colonized to 106 SRB per cm2, while 
counts for APB ranged from 10 - 100 per cm2. Scanning electron microscopic 
examination of the sample plugs revealed an uneven distribution of surface corrosion 
deposits. A thin iron sulfide layer covered most of the exposed areas. Thicker sulfur-
enriched deposits occurred randomly. The bulk of the thicker deposits were smooth, 
whereas peripheral regions exhibited a porous texture. Bacterial cells were concentrated 
in the porous areas and were not found in the thinner deposits. This entrainment of 
bacterial cells within a corrosion deposit matrix was consistent with the concept of 
bacterial enhancement of corrosion by removal of reducing power from iron sulfides 
galvanically coupled to the steel surface. 
 With the rapid development of shale oil and gas as one of the elements for the nation’s 
economy, its extraction through horizontal drilling and hydraulic fracturing in the U.S. 
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will continue to grow [6-9] and the production of produced water and flowback water 
will be a significant public and regulatory concerns due to the potential risk on 
environments, especially surface water quality impact [46, 47]. Thus, there is a 
significant demand to mitigate microbial action to control MIC and H2S production for 
recycling or beneficial reuse of produced water. 
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Chapter 2. Background of plasma discharge in water 
 In recent years, there has been an increasing interest in the study of pulsed electric 
breakdown in water and other liquids as it finds more applications in both industry and 
academic researches [48]. High-voltage electrical discharges in water could induce 
various reactions including the degradation of organic compounds [49-55], the 
destruction of bacteria and viruses [56-60], the oxidation of inorganic ions [61-66], and 
the synthesis of nanomaterials and polymers [4, 67-69]. The reactions are usually thought 
to be initiated by various reactive species, UV radiation, shockwaves, high electric field 
or intense heat produced by pulsed electric discharge. The concentration of the reactive 
species and the intensity of the physical effects largely depend on the discharge type and 
solution properties [48].  
2.1. High-voltage plasma discharges 
 Strong electric fields applied to water produce plasma discharges that initiate both 
chemical and physical processes. Plasma discharges in water can produce high electric 
field, strong UV radiation, shockwaves, ozone, short-living active species (.OH, .H, .O, 
1O2, .HO2, O2-, H2O2) and charged particles for the effective sterilization of water [1, 70].
 There are two main approaches of using high voltage pulse discharges for water 
sterilization, depending on the amount of energy deposited in the system: one is to use 
high energy pulsed arc discharges of ≥ 1 kJ/pulse or larger [4, 71] and the other is to use 
low energy pulses of ~ 1 J/pulse, often described as corona [2, 4]. Schoenbach and his 
colleagues at Old Dominion University studied the feasibility of the use of electrical 
pulses in a microsecond range for the sterilization of biological cells for the past two 
decades [72-74]. For example, a 600-ns, 120-kV square-wave pulse was used to generate 
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pulsed corona discharge for bacterial (E-coli and Bacillus subtilis) decontamination of 
water. They reported three orders of the magnitude reduction in the concentration of E-
coli (gram-negative bacterium) with an energy expenditure of 10 kJ/L. For B. subtilis 
(gram-positive bacterium), it took about 40 kJ/L to reduce the three-order reduction. A 
short pulse in a nanosecond range might be able to penetrate the entire cell, nucleus and 
organelles, and affect cell functions, thus disinfecting them, a hypothesis that needs to be 
validated. 
 Researchers at the Eindhoven University of Technology, Netherlands applied pulsed 
electric fields and pulsed corona discharges to inactivate microorganisms in water [75]. 
They utilized four different types of discharge configurations, including a perpendicular 
water flow over two wire electrodes, a parallel water flow along two electrodes, air-
bubbling through a hollow needle electrode toward a ring electrode and wire cylinder 
with the application of 100-kV pulses with a 10-ns rise time and 150-ns pulse duration 
(see Figure 9). Inactivation rate was found to be 85 kJ/L per one-log reduction for 
Pseudomonas flurescens (gram-negative bacterium) and 500 kJ/L per one-log reduction 
for Bacillis sereus spores.  
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Figure 9. Types of treatment chambers for inactivation of microorganisms by pulsed 
power: (a) perpendicular flow, (b) parallel flow, (c) bubbling needle, and (d) wire 
cylinder [75]. 
 
Researchers at the General Physics Institute, Russian Academy of Science, 
Moscow studied if plasma systems could eradicate microorganisms such as E-coli and 
coliphages in water distribution systems [2, 76] and reported that the active species, UV, 
ozone and hydrogen peroxide effectively could sterilize bacteria in water. 
Sato and his colleagues at Gunma University, Japan investigated the feasibility of 
using plasma discharges for sterilization and removal of organic compounds in water [77-
79]. In particular, they studied the formation of chemical species and their effects on 
microorganisms, and reported that hydroxyl radicals had extremely short lifetime of 70 ns 
and diffused only 20 nm before they were absorbed in water. They also reported that 
hydrogen peroxide was produced through the recombination of hydroxyl radicals, rather 
than by electrolytic reaction. They measured the emission spectrum between 200 and 750 
nm, and found that the largest peaks were in the UV range, which were believed to be 
molecular emissions from hydroxyl radicals [78] as shown in Figure 10.  
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Figure 10. Emission spectra from pulsed streamer discharge in 1 mM KCl aqueous 
solution (applied voltage: 14 kV) [78].  
Researchers at the University of Wisconsin, Madison studied the feasibility of 
using dense medium plasma reactors for the disinfection of water [80] and found that the 
UV radiation emitted from the electrohydraulic discharge was the lethal agent for the 
inactivation of E-coli colonies rather than the thermal/pressure shocks or other active 
chemical species. 
Akiyama and his colleagues at Kumamoto University, Japan studied the 
possibility of using streamer discharges in water to produce high-energy electrons, ozone, 
other chemically active species, UV radiation and shockwaves [67, 81, 82]. A thin wire 
electrode was used to produce a large volume discharge needed for industrial water 
treatments. Since the influence of the electric conductivity of water was found to be 
small, they speculated that bulk heating via ionic current did not contribute to the 
initiation of the breakdown process.  
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Ma et al. [29] utilized dielectric barrier discharge (DBD) plasma to inactivate 
Desulfovibrio (D. bastinii, a common SRB) in liquid. The influences of different 
parameters including discharge gases (e.g., oxygen, air, nitrogen, and argon), change of 
pH value and temperature, the produced hydrogen peroxide and ozone, on the 
inactivation were investigated. Their experimental results showed that the germicidal 
efficiency of oxygen plasma was superior to those from others gases such as air, nitrogen, 
and argon. With oxygen as the discharge gas, almost 100% SRB were killed in less than 
4-min plasma exposure. They found that plasma reactive species including hydroxyl 
radical, oxygen radicals, N atom, NO, and NO2 had profound effects on plasma 
inactivation of SRB by reacting with various macromolecules in only minutes such as 
cellular envelope and even the intracellular organization of SRB. On the other hand, the 
change of pH value and temperature, produced hydrogen peroxide or ozone themselves 
played far less roles in plasma inactivation of SRB. In addition, the pulsed electric field 
and ultraviolet photons also made a little contribution to SRB inactivation. 
Based on the previous researches, it is clear that plasma discharge has the ability 
to effectively inactivate microorganisms in water. A plasma-based water treatment 
system has a number of advantages compared to chemical or mechanical water treatment 
methods, such as minimal maintenance, low operating power, and minimal pressure loss 
through the discharge device. Therefore, a plasma-based water treatment can be 
implemented as a point-of-use water treatment system and in a large industrial water 
treatment system.  
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2.2. Active species from plasma-liquid interaction  
 Plasma treatment is a promising, non-chemical method for inactivation of 
microorganisms in water [83-86].  Plasma discharges generate active plasma species, i.e., 
OH, O, O3, H2O2, UV, shock waves, locally very high temperature, and electric field that 
can deactivate microorganisms in water [1, 4, 86, 87]. Each of these plasma species may 
play a role in the treatment of produced water, for example, the inactivation of 
microorganisms, the oxidation of organic matters, etc. A detailed schematic of the 
chemistry relative to plasma inside or over water can be found in a review by Bruggeman 
and Leys [69].  Major reactions for radical production are summarized in Table 7. 
 Most of these active species have very short half-life on the order of s or less [88-
91] so that they may not be very useful in the treatment of a large volume of 
contaminated water. On the other hand, the half-life of hydrogen peroxide (H2O2) is 
relatively long, i.e., the order of 10 - 20 min [92, 93]. The efficacy and effective residual 
time of H2O2 produced by plasma discharge in water are not well defined. Of note is that 
ozone also has a relatively long half-life. Note that the ozone has to be produced often in 
air and then injected to water, requiring separate expensive ozone generation equipment 
and an injection facility for the treatment of a large volume of water [94]. 
Various types of plasma discharges such as dielectric barrier discharge (DBD) and 
corona discharge were reported to be able to produce H2O2 [1, 78, 83, 95-98]. For 
example, it was reported that 2,000 mg/L of H2O2 was generated by floating-electrode 
DBD at 40 kV [99], whereas 75 mg/L of H2O2 was generated by pulsed corona discharge 
using 25 kV and 100 Hz [100, 101]. Note that the generation of H2O2 can vary depending 
on the geometry of a plasma system.  
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The present study generated H2O2 in water using gliding arc discharge (GAD) and the 
subsequent biocidal effect and pH reduction will be presented in Chapter 4. 
When water is directly exposed to plasma (i.e., GAD) as shown in Figure 14 of 
Chapter 3, the following reactions occur with the dissociation of water molecules [1, 85, 
102, 103]:  
   e    +    H2O      →     H    +    OH   +   e                     (2-1) 
   e    +   H2O       →     H-   +   OH                                (2-2) 
   M+   +    H2O        →     H2O+    +     M                      (2-3)   
   H2O+    +   H2O    →     H3O+    +    OH                     (2-4) 
Then, H2O2 is formed from the recombination of hydroxyl radicals [1, 101, 102]. 
   OH   +   OH   +   M     →      H2O2   +    M                (2-5) 
In the overall set of reactions, the concentration of H2O2 in water increases with 
plasma treatment [104]. A significant pH drop observed in the present study can be 
attributed to positive charges (M+) created in the plasma discharge that reach the water 
molecules and exchange charges with the water molecules, resulting in the creation of 
H3O+ ions and OH radicals, both playing an important role in sterilization [95, 101, 104, 
105] through Equations (2-4) to (2-5). 
When air is the carrier gas, nitrogen oxide can be formed from gas phase reactions of 
dissociated nitrogen and oxygen [1, 103, 106-109] 
   N2   +    e    →    2N   +   e                                      (2-6) 
   O2   +   e   →    2O   +   e                                       (2-7) 
   N   +   O   +   M   →    NO   +   M                            (2-8) 
   NO   +    O   +   M   →     NO2   +   M                   (2-9) 
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The nitrogen dioxide (NO2) affects the pH of the water through the formation of acids 
and ions. The reaction between NO2, (see Equation (2-10)), and hydroxyl radicals OH, 
(see Equations (2-1) to (2-4)), can generate HNO3, which results in acidic water [103, 
104, 107, 110].  
   NO2   +    OH   →    HNO3                                                    (2-10) 
All chemical reactions and the rate constants in the form of an Arrhenius equation (2-11), 
which depend on plasma temperature (T), are listed in Table 7 in the following format: 
   k (T) = A (T / 298 K)n exp(-Ea / RT)                                  (2-11) 
where Ea is the activation energy, R is the gas constant, and A and n are coefficients.   
 Table 7 presents these chemical reactions grouped by the temperature range as well 
as coefficients. The four chemical reactions are shown in the high-temperature plasma 
zone at T = 2,000 K or above. The OH radicals shown in the reactions of (2-1) and (2-2) 
are normally associated with the dissociation of the water vapor, as high energy electrons 
(radiation) with 5.1 eV/mol necessary for H2O dissociation pass through the water, 
yielding hydrogen and hydroxyl radicals [1, 102]. The other reactions of Equations (2-6) 
and (2-7) in the high-temperature plasma zone explain the vibrational excitation of N2 and 
O2 molecules by the high electron energies between 1 and 3 eV/mol [1, 111]. Distilled 
water was introduced to the above plasma arc jet in the present study (see Figure 14 of 
Chapter 3), so that the vibrational excitation occurred first in the high-temperature zone, 
immediately followed by the dissociation of water molecules.    
  When the plasma jet and treated water exiting from the high-temperature plasma 
zone of GAD generator, both of them become cooled as they move in the connecting pipe 
to the reservoir. Subsequently, the excited species (i.e., OH, N and O radicals) are rapidly 
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quenched and then recombined to H2O2 and HNO3 through the reactions from Equations 
(2-3) to (2-5) and Equations (2-8) to (2-10) in the low-temperature plasma zone [1, 112].  
A number of studies on the antimicrobial effects of plasma have indicated OH and 
NO as the effective species [1, 4, 96, 113, 114]. The generation of these two reactive 
species depends on the humidity of air injected into the GAD [111, 115]. For example, 
the concentration of OH generated by the GAD can increase much higher than that of NO 
as the humidity of the carrier gas increases. The OH formed from the dissociation of 
water can lead to the formation of H2O2 due to the recombination of OH as explained 
above. Hence, when pure water is injected into the plasma jet exiting from the GAD, the 
concentration of H2O2 becomes much higher than that of nitric acid (HNO3) formed from 
the reaction of OH and NOx. [104, 111] as shown in the chart of Figure 11.  
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Table 7. Major reactions for production of reactive species in liquid plasma and rate 
functions (Te ≈ 1 ev, Tg ≈ 300 K) [103]. 
Reaction 
Number Reactions 
Temp. 
range (K)
Reaction
Order Rate constant, k 
2-1  e + H2O → H + OH + e   2,000  - 6,000 2 5.8 x 10-9 exp(-440 kJ/RT) 
2-2  e + H2O → H- + OH               2,000  - 6,000 2 5.8 x 10-9 exp(-440 kJ/RT) 
2-3  M+ + H2O → H2O+ + M ≈300 2 2.2 x 10-9 
2-4  H2O+ + H2O → H3O+ + OH ≈ 350 2 0.5 x 10-9 
2-5  OH + OH + M → H2O2 + M 200  - 1,500 2 1.51 x 10-11 (T/298)-0.37 
2-6  N2 + e → 2N + e ≈5,000 2 2 x 10-11 
2-7  O2 + e → 2O + e ≈ 20,000 2 10-10 - 10-9 
2-8  N + O + M → NO + M 196  - 327 3 7.31 x 10-33 exp(1.12 kJ/RT)
2-9  NO + O + M → NO2 + M 298 3 1.0 x 10-31 
2-10  NO2 + OH → HNO3               200  - 400 2 4.0 x 10-11  
Rate constant units 
First order: s-1 
Second order: cm3 molecule-1 s-1 
Third order: cm6 molecule-2 s-2 
Rate constant: k (T)  
= A (T / 298 K)n exp(-Ea /RT) 
R = 8.314472 x 10-03 kJ mole-1 K 
 
 
 
 
 
 
Figure 11. Reactive species distribution vs. plasma gas composition [111]. 
 
   
33
2.3. Challenges in the use of plasma discharge for the treatment of produced water  
2.3.1. Erosion of electrodes  
 One of a commonly used electrode geometries for the generation of plasma 
discharges, particularly spark pulse discharge in gas and liquid is a point-to-plane 
geometry. In the point-to-plane geometry, a large electric field can be achieved due to the 
sharp tip of the needle with a minimum applied voltage V. For a sharp parabolic tip of the 
needle electrode, the theoretical electric field E at the needle tip becomes ܧ ∝ ܸ/ݎ, where 
r is the radius of curvature of the needle tip [116]. As indicated by the above equation, the 
electric field at the tip of the electrode is inversely proportional to the radius of curvature 
of the needle tip. Hence, a relatively large electric field could be obtained by simply 
reducing the radius of curvature r, which is much easier than increasing the voltage as the 
maximum value of the voltage is usually restricted by the electric circuit as well as 
insulation materials used around electrodes. 
 With the large electric fields required to generate plasma, and even larger electric 
fields of 106 V/cm required to form discharges directly in water, sharp tip electrodes have 
been used to help enhance the electric fields given the inverse relationship between 
electric field and radius of curvature of a needle-shaped electrode [116]. However, 
problems encountered with sharp needle electrodes (rc = 0.05 mm) include that they are 
quickly eroded (with an estimate that at 100 W their lifetime is 10 – 20 minutes); and 
furthermore a plasma discharge from a single needle occupies only a very limited volume 
[68].   
 One of the concerns in the use of a sharp needle as a high-voltage electrode of spark 
discharge is the adverse effect associated with the needle tip erosion. Sunka et al. [3] 
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pointed out that the very sharp tip anode would be quickly eroded by the discharge, and 
one had to find some compromise between the optimum sharp anode construction and its 
lifetime for extended operation. Lukes et al. [117] also studied the erosion of needle 
electrodes in the pulsed corona discharge in water using a pulse energy of approximately 
2-3 J with different electrode materials (platinum, tungsten and stainless-steel) and 
solution conductivities (100 and 500 µS/cm). Erosion of electrodes remarkably increased 
with the higher solution conductivity for all three tested metals. The highest erosion rate 
was found for tungsten, while platinum was the least eroded material.  
 Furthermore, depending on the orientation of electrodes, electrode materials can 
have a different performance effect on the treatment of the aqueous solution. For 
example, it was reported that the use of platinum and tungsten as high voltage electrodes 
decreased the yield of H2O2 produced by a pulsed corona in water. However, the 
efficiency of plasma chemical removal of organic compounds from water was increased 
due to catalytic effects [118]. Hence, the complex interaction between reliability, energy 
cost, and ability to treat large volumes of water is critically influenced by the electrode 
selection. 
2.3.2. Effect of water conductivity on the generation of plasma discharge 
 Another concern in the application of pulsed electric discharges in water is the 
limitation posed by the electrical conductivity of water on the production of such 
discharges [3, 119]. In the case of a low electric conductivity below 10 μS/cm, the range 
of the applied voltage that can produce a corona discharge without sparking is very 
narrow. On the other hand, in the case of a high electric conductivity above 400 μS/cm, 
which is the typical conductivity of tap water, streamers become short and the efficiency 
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of radical production decreases [3]. In general, the production of hydroxyl radicals and 
atomic oxygen is more efficient at water conductivity below 100 μS/cm. Thus, this is one 
of the major challenges in the application of plasma discharges for the treatment of 
seawater and produced water, where the electric conductivity can be much greater than 
10,000 μS/cm [20].  
 For direct liquid phase discharges, conductivity of liquid has been shown to affect 
various plasma parameters, including: discharge current, electron density, discharge 
length, and generation of acoustic waves [68] with effect on breakdown voltage or lack 
thereof debated in literature [69] but potentially influenced by electrode configuration, 
voltage pulse duration, and voltage polarity [69, 120, 121].  Sunka et al. discussed the 
effect of electrical conductivity on partial electrical discharges [68]  i.e., discharges 
connecting only one metal electrode. In this case, the current was transferred by slow ions 
in the liquid phase as generally free electrons were absent in water or quickly solvated 
within 1 ps [69, 122].  
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Chapter 3. Plasma discharge system for produced water treatment  
3.1. Remote gliding arc discharge with water injection  
 The first gliding arc discharge (GAD), invented about 100 years ago and often 
known as Jacob’s ladder, utilized two vertical plates (i.e., flat two-dimensional 
electrodes), whose distance was increased along the axial direction as shown in Figure 
12 [1, 123]. When the arc discharge ignites at the least gap between the two electrodes, it 
should be considered as thermal plasma. The arc is forced to move downstream by a 
stream of gas and, thus it is convectively cooled by the stream of room-temperature gas 
and becomes a non-equilibrium discharge during the space-time evolution. After the 
decay of the non-equilibrium discharge, the evolution repeats from the initial breakdown. 
So, the GAD can be either thermal or non-thermal depending on the power and gas flow 
rate. The powerful and energy-efficient transitional discharge combines the benefits of 
both equilibrium and non-equilibrium discharges [1, 123-125].    
 A number of prior studies including those performed earlier at Drexel University 
utilized a relatively small gap between two circular electrodes, e.g., approximately 2 mm, 
for the generation of HV plasma discharges using a three-dimensional gliding arc 
discharge (GAD) [4, 76, 78, 126, 127].  If the gap distance were increased beyond 2 mm, 
the voltage required for breakdown would increase, requiring a more powerful power 
supply than the one used in the present study. The voltage to sustain the arc discharge 
would also be higher. 
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Figure 12. Images of gliding arc discharge (GAD) in a parallel flow reactor where air 
moves vertically upward.  
 
 The core concept of the 3-D GAD is to move (i.e., glide) the arc discharge along the 
circumference of the two circular ring electrodes using compressed gas so that there is no 
local hot spot in the electrodes in spite of an excessively elevated arc temperature [128, 
129]. For this purpose, compressed gas was tangentially injected through six small holes 
into the gap space between the two electrodes, thus forming a reverse vortex flow.  
 GAD can be defined as an auto-oscillating periodic discharge between at least two 
diverging or non-diverging electrodes propelled by a gaseous flow [1], resulting in a high 
degree of non-equilibrium to sustain a selective chemical process [124].   
 Recently, significant progresses in the development of GAD were introduced by a 
number of researchers [124, 130-132]. In order to increase the residence time for higher 
degree of the completion of chemical reactions and provide an intensive convective 
cooling of the discharge zone, the transitional GA discharge using a cylindrical three-
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dimensional geometry in a reverse vortex (i.e., tornado) flow was developed as shown in 
Figure 13 [1, 105, 123, 125].  
 
 
Figure 13. Image of gliding arc (GA) in a 3-D reverse vortex flow reactor where 
compressed gas enters tangentially along the circumferential direction.  
 
The reverse vortex flow provides an excellent thermal insulation of active species 
generated by the plasma from the cylindrical wall, significantly reducing energy loss to 
the surroundings, and thus increasing its energy efficiency. Another benefit is that the 
residence time of gas to be treated by plasma is relatively large, a phenomenon which is 
desirable for various chemical reactions. So, the rotating GA discharge provides the 
ability to both increase specific power input and ensure a uniform treatment of the gas 
[123, 131]. Although the GA discharge has an excellent energy density for chemical 
reaction and desirable residence time of gas, it has not been used for the treatment of a 
large volume of water.  
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 Figure 14 and Table 8 shows a sketch and parts of the three-dimensional gliding arc 
(GA) discharge system used in the study of Chapter 4, which is called plasmatron [133]. 
In order to generate the arc discharge, the two circular disk electrodes with a gap D of 2.5 
mm (see Figures 14(a) and (b)) were connected to a power supply which delivered 200 
W at a maximum voltage of 3 kV in this studies. Compressed air was introduced to the 
gap space between the two circular disk electrodes tangentially through six small nozzles 
#1 (diameter = 0.5 mm) such that the arc discharge could move along the circumference 
of the electrodes, resulting in a gliding arc. Both electrodes were made of stainless steel 
and separated by an insulating material #5, Polytetrafluoroethylene (PTFE, Teflon). It 
should be noted that the top exit part #6 above the ground electrode #1 was made 
transparent for the visualization of the GA discharge. Water was injected tangentially to 
the plasma arc jet exiting from the top of the nozzle #1 (diameter = 9.5 mm) in the 
ground electrode through six small nozzles #13 (diameter = 1.5 mm). Of note is that 
water did not make contact with the HV electrode #4 as it was sprayed to a plasma jet 
exiting from the nozzle in the ground electrode as shown in Figure 14(b). After the 
injected water reacted with the plasma jet inside the GA generator system, both gas and 
the plasma-treated water left the GA generator system through a transparent exit channel 
#6 and subsequently entered a sampling bottle through a 30-cm long flexible plastic tube. 
The treated water was collected at the bottom of the bottle, while the gas was allowed to 
escape from the bottle to the surroundings.   
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(a) 
 
(b) 
 
 
Figure 14. (a) sketch of gliding arc discharge used in the present study, (b) schematic 
sketch of air and water flows inside GA generator. 
 
Table 8. Lists of the parts number and its descriptions. 
No Description No Description 
1 GA reactor body used as ground 
electrode 
8 Gasket for water sealing 
2 Reactor cover made of stainless steel 9 AC power supply 
3 Connecting bar to HV electrode 10 Plasma discharge with gas and water 
flows 
4 HV electrode (negative voltage) 11 Nozzle at ground electrode 
5 Teflon Insulator protecting HV 
electrode 
12 6 nozzles for the introduction of 
compressed air 
6 Transparent outlet to check the 
presence of GA 
13 6 nozzles for the introduction of water 
to GA discharge 
7 Connecter between GA reactor and 
viewfinder 
  
 
 
Figure 15(a) shows a photograph of the GA discharge viewed through the transparent 
exit channel # 6 in Figure 14.  Figure 15(b) shows a photograph of the GA discharge 
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coming out of the circular nozzle #7 after the transparent exit channel was removed for a 
better visualization of the GA discharge.   
   (a) 
 
(b) 
 
Figure 15. Photograph of 3-D GA discharge used in the study: (a) side view: GA jet with 
air and water viewed through a transparent exit channel, (b) top view: GA discharge from 
the exit of electrode taken after removing the transparent exit channel 
 
Since more detailed descriptions of GAD generator have been given elsewhere [134, 
135], it will be described only briefly here. Each set of two stainless steel electrodes 
separated by a gap of 2.5 mm was connected to a high-voltage power supply, which 
delivered 200 W. Since two GAD generators were used in the study, and each GAD 
generator was powered by its own power supply, the total power consumption was 400 
W for both plasma discharges. Compressed air was tangentially introduced to the gap 
space between two circular electrodes through six small nozzles in the GAD generator, 
resulting in a reverse vortex flow. Water was also injected tangentially through another 
set of six small nozzles to the plasma arc jet exiting from the center hole in the circular 
electrodes. 
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3.1.1. Power supply and characterization of a remote GAD  
Figure 16 shows the schematic circuit diagram of the 200-W power supply used in 
this study, which was designed to produce AC high voltage (HV) and current at a 
frequency of 33.3 kHz (B&N Inc., South Korea). The power supply mainly consisted of 
four components; voltage rectifier with diode bridges, capacitors, high voltage 
transformer, and a transistor.  
 
Figure 16. Circuit diagram of a power supply connecting with GAD generator.  
1 = Voltage rectifier with diode bridge, 2 = Capacitors, 3 = Transistor to control primary 
coil, 4 = Primary coil, 5 = Secondary HV coil, 6 = Electromagnetic interference filter, 
Ch-1 = Voltage measurement with HV probe (x 1,000), Ch-2 = Current measurement 
with magnetic core probe (x 10 A/V)   
 
Figure 17 shows voltage and current profiles produced by the AC HV power supply, 
which were measured and recorded by a digital phosphor oscilloscope (TDS3014C, 
Tektronix). For the measurement of the current, a magnetic core current probe was 
utilized (CM-10-L, Ion Physics Corporation, Fremont, NH), whereas the voltage was 
measured using a high voltage probe (P6015A, High Voltage Probe 1,000X 75MHz, 
Tektronix). Peak-to-peak voltage (U) and current (I) were determined to be 5.6 kV (based 
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on settings of 1.0 V per division x 1,000 for the voltage probe) and 0.75 A (based on 
settings of 50 mV per division x 10 A/V for the current probe). The frequency (f) of HV 
pulses was 33.3 kHz, a value that was determined from pulse period (T) of 30 µs 
measured with the oscilloscope.  
By integrating the voltage and current profiles over one pulse cycle, the deposited 
energy (Ed) into the GAD per one pulse cycle and per one second can be calculated, 
respectively, as: 
Ed /pulse = ׬ ܷሺݐሻ	ܫሺݐሻ	݀ݐ௧ୀଶగ௧ୀ଴  = 8.92 x 10-4 J/pulse                     (3-1) 
Ed /second = ׬ ܷሺݐሻ	ܫሺݐሻ	݀ݐ௧ୀଶగ௧ୀ଴   x f = 29.71 J/s                           (3-2) 
 The values of Ed /pulse and Ed /second were approximately 8.92 x 10-4 J/pulse and 
29.71 J/s. These were used to calculate the plasma energy cost and D-value, which are 
given in the results section of Chapter 4. 
 
Figure 17.  Profiles of voltage and current used to generate the gliding arc discharge in 
the present study. (U= voltage, I= current, T= 30 µs, f=33.3 kHz) 
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 The 3-dimensional gliding arc system with water injection mode was evaluated for 
the bacterial inactivation in water. The capability of disinfection for produced water was 
described in the next chapter, which will explain the reactive oxygen species and acid 
water condition produced by GAD with water injection and its combined effects on the 
inactivation of E-coli. Moreover, its energy cost by GAD was also evaluated and will be 
described in Chapter 4.   
3.2. Spark discharge by co-axial electrode in produced water 
 The spark discharge in water was previously studied for two main research areas at 
Drexel University: the first was the self-cleaning filtration for the anti-mineral fouling in 
cooling water and the second was the disinfection of bacteria in water. In order to 
generate spark discharges in water, usually one needs to have a pulsed high-voltage 
power supply with voltage rise time shorter than the Maxwellian relaxation time (i.e., 
relaxation time: ε/σ) of the liquid [116]. Note that ε is dielectric permittivity and σ is 
dielectric conductivity. High electric field strength can usually be achieved by using a 
needle-shaped electrode with a sharp tip, from which a strong electric discharge usually 
initiates. Although the sharp-tip electrode is useful in generating short-pulse spark 
discharges in water, such an electrode configuration is prone to the rapid erosion due to 
high temperature of spark [117, 136] and thus, the short lifetime of the needle electrode is 
a major drawback. 
 In the case of the needle-and-plate electrode geometry, the ground plate electrode 
used as the cathode often develops what is called “cathodic hot spot”, resulting in the 
damage due to thermal erosion at a single focal point which grows over time [70]. For 
example, our previous study used a stainless steel mesh cartridge filter as the ground 
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electrode, while a HV needle-shaped electrode (anode) was installed through the sidewall 
of filter housing to generate short-pulse spark discharges in cooling water, as shown in 
Figure 18(a) [137]. The distance between the HV needle electrode and the filter surface 
was approximately 3 mm to ensure stable generation of spark discharges. The shock 
waves generated by spark discharge were strong enough to prevent suspended solids from 
being accumulated on the filter surface [116, 137, 138]. However, a hole (i.e., mechanical 
failure) was found on the outer surface of stainless steel filter surface at the end of test, as 
shown in Figure 18(b). The stainless steel filter surface was damaged due to the repeated 
intense local heat (i.e., cathodic hot spot) generated by spark discharges [1, 70].  
(a) (b) 
 
 
Figure 18. The diagram of the spark self-cleaning filtration and its damage. 
(a) Diagram of electrode arrangements in spark-assisted self-cleaning filtration test. (b) 
Photographs of two stainless steel mesh cartridge filters: left hand = new filter membrane, 
right hand = damaged filter membrane with a hole. 
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 As mentioned early, there were two technical challenges in the use of spark 
discharges in water: one was the erosion problem of the needle-shape HV electrode and 
the other was the damage to the filter membrane due to the cathodic hot spot. In the 
present project, a new electrode system was developed without the use of the needle-
shape HV electrode that the HV electrode was not degraded due to the erosion over time. 
In addition, the filter membrane was not used as the ground electrode so that the filter 
surface was not damaged at the same time. Thus, a new co-axial electrode system was 
developed and used for the self-cleaning filtration and disinfection of bacteria in 
produced water.  
  A co-axial cylindrical configuration and photographs of the new co-axial electrode 
system are shown in Figures 19 and 20. This electrode was consisted of a negative HV 
center electrode of a hemispherical shape connected to a HV power supply and an outer 
cylindrical ground electrode with a proper gap distance (i.e., 4.5 mm) between the HV 
electrode and ground electrode. 
 
 
Figure 19. Sketches of two electrodes used to generate spark plasma discharges in 
produced water. 
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 Generally, the HV electrode was made out of stainless steel tube with a center hole 
which was connected to another stainless steel nut with an acorn shape such that 
compressed air could be injected through this center hole to the gap space between the 
two electrodes. The regulated airflow generates air bubbles near the end of the coaxial 
electrode. The two electrodes were electrically separated by an insulating material (i.e., 
glass-filled Teflon) to hold the center HV electrode and keep the constant gap distance. It 
is noted that produced water to be treated in the plasma reactor did not make direct 
contact with the HV electrode for safe operation as a small amount of compressed gas 
was continuously introduced to the gap between the two electrodes.   
 
Figure 20. Photograph of two electrodes to generate spark plasma discharges in produced 
water.  
 One of the major advantages for the self-cleaning filtration with the new co-axial 
cylindrical electrode configuration was that it could use any type of filters (i.e., ceramic, 
fabric), because the filter membrane was not used as the ground so that there was no need 
to construct the filter using a conductive material. Furthermore, the installation of the 
electrode was much simpler because both the anode and cathode were on the same side 
and could be installed through the same port in the wall of a filter housing. In addition, 
Electrode A Electrode B 
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when it was used for the other application such as water disinfection, the adjustment of 
gap distance between two electrodes or its replacement was required much less often 
because co-axial electrode could last much longer against the electrode erosion by the 
spark discharge without loss of the electrode caused by cathodic hot spot. 
 The co-axial electrode system was positioned vertically at the top of the plasma 
reactor so that gas could stay in the gap space between the two electrodes, assisting the 
generation of spark discharges even in a high electric conductivity water such as 
produced water. The application of spark discharge with the co-axial electrode and the 
effects on the self-cleaning filtration and disinfection in produced water will be explained 
in Chapter 5.       
3.2.1. Power supply and characterization of spark discharge 
 Traditionally, spark discharges were generated using a spark-gap switch [139, 140] 
as shown in Figure 21. An air spark-gap switch made of two needle-shaped electrodes 
separated by a gap was previously used to allow short-pulse sparks to discharge in liquid. 
The main advantages of this traditional spark-gap switch are simplicity and low cost. 
However, there are several disadvantages of the traditional approach when one tries to 
generate spark discharges in liquids having high electric conductivity such as produced 
water, including the following: (1) discharge frequency is not stable; (2) significant 
amounts of energy stored in capacitors are lost at the spark-gap switch and thus, the net 
energy delivered to water is much less than the energy stored in the capacitor; and (3) the 
spark-gap distance gradually increases with time due to electrode erosion [141, 142], 
requiring periodic adjustment of the gap distance. Hence, there is a clear need to have an 
improved pulse generation switch whose performance does not degrade with time. 
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Figure 21. System diagram of discharge in water with air spark-gap switch. 
Ch-1: Voltage with HV probe (x 1,000) in air spark Gap; HV probe Tektronix P6015A 
High Voltage Probe 1,000X 75MHz  
Ch-2: Voltage with HV probe (x 1,000) in water 
Ch-3: Current with three attenuators (x 160) and probe (x 10) in Ground; current probe  
 
 Considering the shortcomings of an air spark-gap switch, an electronic pulse 
generation system using a thyristor (silicon-controlled rectifier, SCR) was developed to 
provide the main discharge switch for the generation of spark pulses in high-conductivity 
water in the present study.  
 Figure 22 shows the schematic circuit diagram of the high-voltage power supply 
used in the study, which was designed to produce a short spark pulse at a frequency of 8 
Hz. The power supply consisted mainly of a capacitor charging high-voltage power 
supply (5 kW, Magna-Power Electronics, Inc., Flemington, NJ), silicon-controlled 
rectifier (i.e., thyristor), pulse-forming network (PFN) capacitor and inductor, as well as a 
current-limiting resistor. 
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Figure 22. System diagram of discharge in water with a high current semiconductor 
switch. 
Ch-1: Voltage with HV probe (x 1,000) in air spark Gap; HV probe Tektronix P6015A 
High Voltage Probe 1,000X 75MHz 
Ch-2: Current with two attenuators (x 9.2) and probe (x 10) in Ground; current probe  
 
  The pulse generating system shown in Figure 22 consisted of two circuits: ‘charging 
circuits’ and ‘discharging circuits’. The capacitor-charging high-voltage power supply 
charges a Pulse Forming Network (PFN) capacitor to a predetermined voltage, whereas a 
System Controller generated a pulse for thyristor (SCR) gate to turn the SCR ‘On’.  Then, 
the high current pulse, formed as a result of the thyristor gate being turned on, began to 
discharge between two electrodes submerged in the water reactor. Advantages of the 
system using a thyristor gate include:  
 Stable discharge frequency.  
 Long-lasting functionality, i.e., less maintenance required versus spark-gap switch 
(note that the gap distance in the spark-gap switch should be adjustable 
operationally for tip erosion by high temperature sparks).   
   
51
 Much higher efficiency compared to the spark-gap switch because only a few 
volts drop when SCR is ‘On’.  
Disadvantages of the system using a thyristor gate include: 
 Additional System Control module is required to generate a pulse for thyristor.  
 Expensive high current Silicon-Controlled Rectifier (thyristor) is required. 
3.2.2. Characterization of spark discharges in water  
 Figure 23 shows voltage and current profiles produced by the DC HV spark power 
supply, which were measured and recorded by a digital phosphor oscilloscope 
(TDS3014C, Tektronix, Inc., Beaverton, OR). For the measurement of current profiles, a 
magnetic core current probe was utilized (CM-10-L, Ion Physics Corporation, Fremont, 
NH), whereas the voltage profile was measured using a HV probe (P6015A, HV Probe 
1,000X 75 MHz, Tektronix, Inc., Beaverton, OR). Peak-to-peak voltage (U) and current 
(I) were determined to be 1.7 kV (based on settings of 1.6 V per division × 1,000 for the 
voltage probe) and 1.2 kA (based on settings of 2.5 A per division × 10 A/V for the 
current probe), respectively. The frequency of HV pulses was 8 Hz, a value that was 
determined from time period of each pulse of 125 ms measured with the oscilloscope. 
(i.e., f = 1/T) 
 The energy in a spark pulse was calculated by the two different methods:  
Energy (J per pulse) = 0.5CV2 = 0.5 (16 µF) (4 kV)2 = 128 J/pulse     (3-3) 
Energy (J per pulse) from integration = ∫ U(t) I(t) dt = 80 J/pulse         (3-4) 
The actual value of the spark energy per pulse should be between the two calculated 
values. 
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1.7 kV
1.2 kA
 
Figure 23. Oscilloscope profiles of voltage and current obtained during spark plasma 
discharge in produced water.   
 
 To calculate instantaneous pulse power, an integration method was used with an 
oscilloscope diagrams for voltage and current profiles, V(t) and I(t). Sample results of 
such an integration method is given below in Figure 24. 
 Figure 25 shows four photographs of spark discharges in a transparent plasma 
reactor taken during the propagation of spark discharges produced by the co-axial 
electrode submerged in synthetic produced water. Since the pulse duration (full width at 
half maximum) of spark discharges is relatively very short (i.e., ~ 22 s, see Figure 23), 
multiple photographs were taken, showing the transient nature of spark discharges. 
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Figure 24. Integration of V and I over time using multi-channel oscilloscope profiles of 
pulse profiles of voltage and current generated from the spark discharge.   
 
 If produced water is relatively transparent, the UV radiation from the spark discharge 
propagated outwardly from the co-axial electrode through the water of low turbidity 
[143], illuminating the volume inside the plasma reactor. In such transparent water 
samples, the UV radiation can works as a predominant mechanism when this spark 
discharge is applied to the disinfection of water.     
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Figure 25.  Photographs of spark discharge propagation from co-axial electrode in 
synthetic produced water. 
 
   
55
Chapter 4. Use of gliding arc discharges on the inactivation of bacteria in water 
 This chapter describes the investigation on the bacterial inactivation capability of 
gliding arc discharge in water. Plasma discharge is a well-known method for the 
disinfection because it can produce various active species that can effectively inactivate 
the microorganisms in water. However, the generation of plasma discharge in produced 
water was a difficult task due to the extremely high electric conductivity, in the range of 
50-200 mS/cm, which provides both a challenge and opportunity for the application of 
plasmas. This high electric conductivity decreases the impedance between two electrodes 
(i.e., anode and cathode) so that the breakdown was not easy in produced water. 
 One of the methods to provide plasma discharge in water was to use gliding arc 
discharge (GAD). Thus, the present study utilized GAD to produce the reactive plasma 
species including H2O2 for the treatment of a large volume of water. One of the reasons 
why the GAD was chosen was that the GAD could be scaled up for the treatment of a 
large volume of water. 
 The present study utilized the remote GAD with water injection mode for the 
disinfection of water, which was explained in Section 3.1. The word “remote” means that 
the GAD was produced in a gas medium away from water, and active plasma species 
were transported to water via a non-metal conduit. Hence, the benefit of the UV’s 
inactivation capability was not utilized. Chapter 4 is composed of the four sections 
which can be described as follows: Section 4.1 The production of the reactive plasma 
species generated by GAD and its bacterial inactivation capability in plasma-treated 
water, Section 4.2 The inactivation capability on E-coli by GAD in a large volume of 
bacteria contaminated water, Section 4.3 Increase of the inactivation ability with the use 
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of microbubbles and acidic water produced by GAD with water injection, and Section 4.4 
Residual effects of plasma treatment to increase the bacterial inactivation in plasma-
treated water and reduced energy cost. 
4.1. Concentration of hydrogen peroxide generated by gliding arc discharge and 
inactivation of E-coli in water 
The study in this section attempted to find if the GAD with the water injection can 
generate a significant quantity of H2O2 in water and provide a significantly improved 
antimicrobial properties compared to the GAD case without water injection [105, 114]. 
Hence, the primary objective of the study in Section 4.1 was to determine the optimum 
operating condition of a 3-D cylindrical GAD in terms of gas and water injection flow 
rates.  
The secondary objective was to investigate the validity of the method to measure the 
concentration of H2O2 in water and examine how the concentration of plasma generated 
H2O2 in water decreased with time, a phenomenon that was critical in the treatment of a 
large volume of water. The concentration and effective duration time of H2O2 generated 
by the GAD in water could be measured with the color change of peroxide test strips 
[96].  
 
Section 4.1 was prepared based on the following journal article: 
HS. Kim, K. Wright, I. W., D. H. Lee, A. Rabinovich, A. Fridman, and Y. I. Cho, 
Concentration of hydrogen peroxide generated by gliding arc discharge and inactivation of E-
coli in water. International Communications in Heat and Mass Transfer, 2013. 42: pp. 5-10. 
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Other methods to measure the concentration of H2O2 include UV-visible 
spectrophotometer [95, 104] and fluorescent spectrometer [96], both of which require 
complicated measurement procedures and relatively long time to prepare dye solutions 
and calibration. In order to study changes in the concentration of H2O2 in water with 
respect to time, the simple and fast method using the peroxide test strip [144] was chosen 
in the present study. 
 Also, the present study investigated the bacterial inactivation capability of the GAD 
relative to the concentration of H2O2 generated by the GAD at various air and water 
injection flow rates. 
4.1.1. Experiment setup 
4.1.1.1. Measurement of the concentration of H2O2 generated by gliding arc 
discharge 
The experimental setup utilized in the present study is illustrated in Figure 26. This 
system consisted of roughly two major parts: one to generate a GAD and the other to 
handle both air and water flows, i.e., to provide controlled flows of gas and water to the 
GAD system. The basic approach in the study was to have both air and distilled water 
pass through the GAD system and then introduce the treated water into a large volume of 
untreated water for the inactivation of microorganisms. The present study focused on the 
investigation of the optimum operating condition of the GAD and the calibration method 
on the measurement of the H2O2 concentration in water with limited data of the 
inactivation of microorganisms. In order to provide gas to the GA generator, an air 
compressor was used, where the air flow rate was controlled with a valve and a pressure 
gauge. Then, the plasma reacted gas was also sent to the top of water reservoir as shown 
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in Figure 26 such that water could be pushed out through an exit at the bottom to the GA 
generator at a uniform flow rate over time, which was monitored by a flow meter with the 
small range. 
 
Figure 26. Experimental setup for the plasma water treatment using gliding arc discharge. 
 
H2O2 was generated upon the reaction of water with plasma. Due to the difficulty in 
collecting a sample of H2O2 in gas phase [145], the H2O2 escaped into air was not 
accounted for in this study. The concentration of H2O2 in water in each collected water 
sample was measured using a peroxide test strip (EMD Chemicals, Germany) by 
observing the color change in the strip. The concentration measurements of H2O2 in water 
were conducted using the calibration data provided by EMD chemicals as shown in 
Figure 27. The protocol to use the peroxide test strips was as follow: Plasma-treated 
water samples of 50 mL were first collected, and a test strip was dipped into each water 
sample for approximately 15 s. Upon removal from the water, the change in the color of 
the test strip was observed and immediately recorded with a camera and compared with 
the colors from the calibration standard shown in Figure 27. 
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The measurement of H2O2 concentrations started with untreated distilled water as the 
calibration run prior to the measurements of the H2O2 concentration in the treated water. 
For the case of plasma-treated water, the test strip was dipped to the treated water 
immediately after plasma treatment, and the color change in the strip was recorded as the 
one obtained at t = 0 min. Then, at t = 1, 3, 6, 9, 12, 15, 21, 30 min after the plasma 
treatment, a test strip was dipped to the water sample at each time, and the color change 
was recorded. 
The flow rate of air to the GA generator varied from 1.4 to 1.8 scfm in the present 
experiment. The flow rate of injected water to the GA generator varied over a wide range 
to examine the effect of the water flow rate on the concentration of H2O2. The 
concentration of H2O2 in water was measured over 30 min in the present study so that the 
effective residual time could be determined. The maximum reading of the H2O2 
concentration with the peroxide test strips was 100 mg/L of H2O2 as shown in Figure 27.  
Color Change 
    
Concentration 
(mg/L) 0 1 3 10 30 100 
Figure 27. Calibration chart for hydrogen peroxide concentration vs. color changes 
provided by EMD Chemicals, Germany. 
 
4.1.1.2. Inactivation of E-coli in water by H2O2 produced by gliding arc discharge  
In conjunction with the above experiments, tests were performed to verify the 
inactivation effect of H2O2 generated by plasma discharge. In this study, Escherichia coli 
(E-coli) was used for inactivation experiments. Cultures of E-coli were grown for 18 h at 
37°C in an incubator and diluted using a most probable number method [146, 147] to get 
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a concentration of 106 colony forming units per milliliter (cfu/mL) for initial test 
conditions. The cfu number of all samples was estimated by aerobic heterotrophic plate 
counting (HPC) method [148, 149]. All tests for bacterial inactivation were run at a fixed 
air flow rate of 1.6 scfm with the water injection flow rate to the GA system varying from 
zero to 80 mL/min.  
Cultures of E-coli were added to the plasma-treated water of 50 mL which was 
collected in a sterile tube during the experiment. For the plasma treatment test at zero 
water-injection case (see Figure 31), the gas from the GAD was bubbled through 
deionized water of 50 mL for 5 min, and then E-coli was added. In case of the control test 
(i.e., no plasma, see Figure 31) E-coli was added to deionized water of 50 mL which 
passed through the GAD at a flow rate of 80 mL/min with the plasma power turned off. 
 All water samples after plasma treatment were stirred with a vortex mixer (Fisher 
Scientific: Genie 2). Three water samples of 1 mL were collected from each sample of 50 
mL using sterile pipettes and spread on Brain Heart Infusion agar plate (Fisher Scientific, 
USA) inside a clean bench within 5 min after bacteria were added to the water sample. 
All agar plates containing water samples were dried for 30 min at room temperature 
inside the clean bench and incubated for 18 h at 37°C [96]. The numbers of colony 
forming units were obtained using a colony counter (Digital Colony Counter/HYC-560, 
Korea). Prior to counting cfu of E-coli on agar plates after incubating, the HPC images 
were recorded with a camera (see Figure 31). The measurements of the H2O2 
concentration were taken along with the measurements of the cfu number of E-coli.    
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4.1.2. Results of concentration of hydrogen peroxide generated by gliding arc 
discharge and inactivation of E-coli in water 
Figure 28 shows the results obtained from the present experiment at an air flow rate 
of 1.4 scfm and water flow rate of 100 mL/min to the GAD system. The results in Figure 
28 show the measurement for the control case (i.e., H2O2 concentration in untreated 
distilled water) as well as the measurement of the H2O2 concentration at time zero (i.e., 
immediately after collecting the plasma-treated water sample of 50 mL in the sampling 
bottle). Figure 28 also shows how the concentration of H2O2 decreased over 30 min in 
the plasma-treated water in the form of the color changes in the peroxide test strips, 
whereas Figure 29 shows the changes in the H2O2 concentration over 30 min in the form 
of a graph. As shown in Figures 28 and 29, the maximum concentration of 
approximately 30 mg/L of H2O2 in water was generated and maintained for first the one 
min. After t = 1 min, the concentration of H2O2 began to decrease, almost linearly with 
time till t = 12 min, reaching 5 mg/L at t = 12 min. After t = 12 min, the rate of decrease 
was significantly less than that in the first 12 min. The concentration of H2O2 in water 
almost disappeared after 30 min. 
Color Change 
          
Time 
(min) D.W. 0 1 3 6 9 12 15 21 30 
Concentration 
(mg/L) 0 30 30 25 20 10 5 5 3 1 
 
Figure 28. H2O2 concentrations measured at different times after plasma treatment at air 
flow rate of 1.4 scfm and injection water flow rate of 100 mL/min. 
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Figure 29. Variations of H2O2 concentrations at different times after plasma treatment at 
air flow rate of 1.4 scfm and injection water flow rate of 100 mL/min. 
 
Figure 30 shows the results of H2O2 concentrations in water at different air and water 
flow rates in the form of color changes in peroxide test strips. The best result was found 
at an air flow rate of 1.6 scfm and at the lowest water flow rate of 20 mL/min. With the 
lowest water flow rate to the GA system, the maximum concentration of H2O2 in water 
was measured to be 100 mg/L of H2O2. It is of note that the maximum concentration 
could have been further increased if H2O2-conatining gas escaped to the environment 
could have been captured in water.  
Figures 31 and 32 show the results from inactivation tests of E-coli together with 
H2O2 concentration variations in the plasma-treated water at a fixed air flow rate of 1.6 
scfm with water injection flow rate varying from 0 to 80 mL/min. The control cfu number 
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of E-coli in untreated water was 106 per 1 mL. At a water flow rate of 20 mL/min, the 
highest concentration of H2O2 (i.e., 100 mg/L) was obtained as shown in Figure 32. It 
was also at this low water flow rate and a corresponding peak level of the H2O2 
concentration that there was the biggest reduction of the cfu number in E-coli, resulting 
in a 5-log reduction of the cfu number. Although the best result of a reduction to 5 
cfu/mL was obtained at a water flow rate of 20 mL/min, the reductions in cfu were also 
very impressive at other water flow rates in the range of 20 - 80 mL/min. It should be 
noted that in the special case of zero water injection to the GA system, (i.e., see Figure 
32) the cfu number of 37 per 1 mL was obtained. The sterilization result in this case 
might have been obtained by other means than H2O2 most likely due to other reactive 
oxygen species such as superoxide and peroxynitrite.  
 
Air flow rate 
(scfm) 
Flow Rate of Water Injection through Plasma System  
(mL/min) 
1.4 
  
 
20 50 80 120 140 
1.6 
 
    
20 40 80 120 140 
1.8   
20 50 80 120 150 
 
Figure 30. Variations of H2O2 concentrations at various air flow rates and water injection 
flow rates in GAD system. 
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 No Plasma Plasma Treatment 
H2O2 
concentration 
      
Water injection 
(mL/min) 80 0 20 40 60 80 
HPC image 
   
cfu number 106 37 5 10 11 35 
 
Figure 31. Results of inactivation of E-coli with various water injection flow rates at a 
fixed air flow rate of 1.6 scfm using 200-W GAD system.  
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Figure 32. Results of E-coli inactivation and H2O2 concentration at various water 
injection flow rates in 200-W GAD system. 
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4.1.3. Discussion of concentration of hydrogen peroxide generated by gliding arc 
discharge and inactivation of E-coli in water 
Since a number of papers have been published which have explored the effects on 
bacterial inactivation by UV, ozone, radicals, super oxide and H2O2 produced from 
various types of plasma discharges [1, 84, 114], this study was mainly focused on the 
generation of H2O2 with the GAD and the measurement of its concentration in water. 
Experimental results obtained in the study indicated that the GAD reacting with water 
could effectively generate H2O2.  
Note that in the absence of water injection to the GA system, no color change was 
observed in the peroxide test strip, indicating that water injection was a necessary 
condition for the production of H2O2. This strongly suggests that hydrogen peroxide must 
have been generated from the dissociation of water by the GAD. The effect of OH 
radicals on the color change in the test strips was not considered as they disappear fast 
and are quickly converted into H2O2. In other words, the measurement of H2O2 included 
the contributions from OH radicals and other active species that might have been formed 
by the GAD. 
In the overall set of reactions, the concentration of H2O2 in water increased with 
plasma treatment. Furthermore, it can be suggested that pH of water decreased due to the 
presence of HNO3 in the Reaction (2-10) in Chapter 2. However, the pH change over 
time is not reported in this section but will be reported in Sections 4.2. Note that the 
presence of H2O2 is a reasonable indicator for hydroxyl radical formation by plasma 
discharge with water [95, 101, 104, 105], since H2O2 can be formed as the final process 
of the combination of various radicals such as hydroxyl radicals.  
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From the results shown in Figures 28, 29 and 31, the concentration of H2O2 formed 
in the liquid phase was the highest at the lowest water flow rate, which allowed water to 
be exposed longer to the GAD. The present study found that the half-life of H2O2 
produced by the GAD was around 10 min in water in accordance to the effective duration 
time of H2O2 concentrations as depicted by the results in Figure 28. The half-life of H2O2 
in water might be extended to a much greater value if a volume of water injection to the 
GA system smaller than 20 mL/min were used. Accordingly, the residual time effect of 
H2O2 in water can be further increased for bacterial inactivation. 
The HPC images shown in Figure 31 demonstrated the significant capability of the 
GAD to inactivate bacteria. Without the injection of water to the GA system, E-coli could 
also be removed from the plasma-treated water as shown in Figure 31. However, the 
effectiveness of removing E-coli in this case was not as good as the cases when water 
was directly provided to the GA system. For the case of zero water injection to the GA 
system, H2O2 was not observed but  E-coli was effectively inactivated probably due to 
the presence of other reactive oxygen species produced from reactions between air and 
the GAD [107, 150].   
4.1.4. Conclusions of Section 4.1 
The concentration of H2O2 was measured from plasma-treated water samples after the 
treatment with a 200-W GAD system. While both air and water injection flow rates to 
GAD system were varied, the changes in the concentration of H2O2 were measured in the 
form of color change with peroxide test strips. The maximum concentration of H2O2 
generated by the GAD was found to occur at a water injection rate of 20 mL/min and an 
air flow rate of 1.6 scfm and higher. Relatively high concentrations of H2O2 in water 
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were maintained for approximately 10 min, indicating that the effective residual time of 
H2O2 in the plasma-treated water by the GAD was about 10 min.  
For bacterial inactivation in the plasma-treated water, a 5-log reduction in the cfu 
number was observed for various water flow rates from zero to 80 mL/min, while the best 
result was obtained at 20 mL/min of the water injection flow rate to the GA system. The 
generation of H2O2 was believed to be due to the dissociation of water molecules by the 
GAD, including the recombination process of hydroxyl radicals. H2O2 generated by the 
GAD is a strong oxidizer, which has a significant capability in bacterial inactivation over 
relatively long time duration. 
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4.2. Effects of H2O2 and low pH produced by gliding arc discharge on the 
inactivation of E-coli in water   
The previous Section 4.1 reported that a gliding arc discharge (GAD) with the water 
injection could generate a large amount of active plasma species because of its unique 
plasma properties and gas flow inside GA generator. The maximum concentration and 
effective time of H2O2 generated by the GAD in water was also described in the previous 
section, and the capability of the bacterial inactivation was also reported. 
The GAD was reported to dissociate water molecules including the recombination 
process of hydroxyl radicals, leading to the forming of H2O2. However, it was not clear 
whether or not the GAD could provide a sufficient inactivation power for the treatment of 
a large volume of water. Furthermore, it was not clear how low the plasma discharge can 
reduce the pH of water for the purpose of bacterial inactivation [85, 151].  
Hence, the objective of Section 4.2 was to investigate whether or not the GAD could 
generate a significant quantity of H2O2 and a significant reduction of pH in water, thus 
providing good antimicrobial properties [105, 114] for the treatment of a large volume of 
water. For this purpose, the study described in this section investigated the optimum 
condition for water and gas flows into the GAD system to obtain the maximum H2O2 
concentration and the minimum pH in water. Additionally, the study investigated the 
synergistic effects of H2O2 and low pH on the sterilization of contaminated water as a 
function of plasma treatment time. 
 
Section 4.2 was prepared based on the following journal article: 
HS. Kim, K. Wright, I. Hwang, D. Lee, A. Rabinovich, A. Fridman, and Y. I. Cho, Effects 
of H2O2 and Low pH produced by gliding arc discharge on the inactivation of Escherichia 
Coli in water. Plasma Medicine, 2011. 1(3-4): pp. 295-307. 
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4.2.1. Experiment setup 
The experimental setup utilized in the present study is illustrated in Figure 33. The 
test setup consisted of three major parts: the first part consisted of two identical GAD 
systems, each driven by its own power supply, the second to handle both air and water 
flows, i.e., to provide controlled flows of gas and water to the GAD system, and the third 
to contain 20 L of bacteria-contaminated water and to receive plasma-treated liquid and 
gas. The basic approach in the study was to have both air and distilled water pass through 
the GAD system first and then to introduce the plasma-treated water to a large volume of 
contaminated water for the inactivation of microorganisms. In order to provide gas flow 
to the two GA generators, an air compressor was used, where the air flow rate was 
controlled with a valve and a pressure gauge. The compressed air was also sent to the top 
of water reservoir as shown in Figure 33 so that water could be pushed out through an 
exit from the bottom of reservoir to the GA generator at a uniform flow rate, which was 
monitored by a flow meter.  
A reservoir with the maximum capacity of approximately 30 L was connected to an 
outlet port at GAD system. After the injected water reacted with the plasma jet inside the 
GAD system, both gas and the plasma-treated water entered the water reservoir 
containing an initial volume of 20 L of contaminated water through a 30-cm long flexible 
plastic tube. In the middle of the flexible tube, a check valve was installed to prevent the 
back flow of water to HV electrodes. The water reservoir was cleaned after each test with 
both sulfuric acid and tap water repeatedly and then dried in a fume hood. Then, the 
water container was filled with 20 L of pure deionized water for the next test, and the 
flexible tube from the GA system was re-connected to the reservoir. The plasma-treated 
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water exiting from the GA system was mixed with bacteria-contaminated water at the 
reservoir, while the plasma-treated gas passed through the water inside the reservoir.  
 
 
 
Figure 33. Experimental setup for the present plasma water treatment using GAD: S1 = 
first sampling port, S2 = second sampling port.   
 
The concentration of H2O2 in water was measured using a peroxide test strip (EMD 
Chemicals, Germany) by observing the color change in the strip. The protocol to use the 
peroxide test strips was as follows: Plasma-treated water samples of 50 mL were first 
collected, and a test strip was dipped into each water sample for approximately 15 s. 
Upon removal from the water, the change in the color of the test strip was observed and 
immediately recorded with a camera and compared with the colors from the calibration 
standard data provided by EMD chemicals. 
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The flow rate of water to the GA system varied from 20 to 180 mL/min to examine 
the effect of the water flow rate on the concentration of H2O2 at a uniform air flow rate of 
1.6 scfm. In conjunction with the above experiments, tests were performed to verify the 
inactivation effect of H2O2 generated by plasma discharge. Escherichia coli (E-coli) was 
used for inactivation experiments. Cultures of E-coli were grown for 18 h at 37°C in an 
incubator and diluted using a most probable number method [146, 147] to get a range of 
concentration of 103 - 105 colony forming units per milliliter (cfu/mL) as initial test 
conditions. The cfu numbers in all water samples were estimated by aerobic heterotrophic 
plate counting (HPC) method [148, 149]. For bacterial inactivation tests, cultures of E-
coli were added to a reservoir filled with the distilled water of 20 L. Immediately after 
adding E-coli to water, it was continuously stirred with an electrical stirrer 
(Eurostar/IKA, Germany) at 650 rpm to uniformly distribute E-coli at the reservoir. After 
stirring water for 5 min, 50-mL samples were collected in a sterile tube for the cfu 
measurement for both control and inactivation tests. 
In case of the control test (i.e., no plasma treatment, see Figure 35) E-coli was added 
to deionized water at the reservoir where uncontaminated deionized water passed through 
the GA system at a flow rate of 180 mL/min with the plasma power turned off. 
For bacterial inactivation test, three water samples, each 1 mL, were collected from 
each water sample of 50 mL using sterile pipette and spread on Brain Heart Infusion 
Agar plate (Fisher Scientific) inside a clean bench within 5 min after collecting 50-mL 
water samples from the reservoir. Prior to spreading 1 mL of samples on the agar plates, 
50-mL sample was continuously stirred with a vortex mixer (Fisher Scientific: Genie 2). 
All agar plates containing water samples were dried for 30 min at room temperature 
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inside the clean bench and incubated for 18 h at 37°C [96]. The number of colony 
forming unit was determined using a colony counter (Digital Colony Counter/HYC-560, 
Korea). Prior to counting cfu of E-coli on agar plates after incubating, the HPC images 
were recorded with a camera (see Figures 35, 36 and 37). The measurements of the H2O2 
concentration were taken along with the measurements of the cfu number of E-coli.    
4.2.2. Results of effects of H2O2 and low pH produced by gliding arc discharge on 
the inactivation of E-coli in water   
Figure 34 shows the results of H2O2 concentrations in plasma-treated water collected 
from the sampling port S1 (see Figure 33) at different injection water flow rates in the 
form of color changes in peroxide test strips. The best result was found at the lowest 
water flow rate of 20 mL/min as expected. With the lowest water flow rate to the GA 
system, the maximum concentration of H2O2 in water was 100 mg/L of H2O2.  
 
 
Figure 34. Variations of H2O2 concentrations at different water injection flow rates and 
air flow rate of 1.6 scfm in GAD system. 
Note: H2O2 concentration was measured in plasma-treated water before it was mixed with 
20-Lwater at reservoir. 
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Figure 35. Control test: results of E-coli inactivation experiment without GAD but with a 
water injection flow rate of 180 mL/min. 
 
Prior to the inactivation test on E-coli, the control test was performed at the reservoir 
where additional water of 9 L was introduced at a water flow rate of 2 x 180 mL/min for 
25 min with the plasma power turned off. Figure 35 showed that the cfu number for 
control samples was maintained at 105 per mL over 25 min. Even though the water 
volume of the reservoir was increased to 29 L due to the added water to the reservoir, 
there was no significant change in the cfu result.   
Figures 36 and 37 show photographic images of the plates used in the HPC 
measurements for the inactivation test with E-coli. Significant levels of cultured E-coli 
were observed by the HPC image visualization in water collected from the reservoir 
when the water injection flow rate to the GA systems varied from 0 to 100 ml/min. The 
initial cfu from the control samples varied at different water injection flow rate cases, 
which were maintained at or greater than 104 cfu/mL. For the cfu measurement, the serial 
dilutions of samples were used. For the cases with the water injection flow rate greater 
than 140 mL/min, the cfu/mL significantly decreased at the plasma treatment time of 10 
min (see Figure 38). The cfu was consistently reduced with increasing water injection 
flow rate (i.e., from 140 to 180 mL/min) to GA system. In summary, the ability of 
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bacterial inactivation in water was improved as the amount of water injection and plasma 
intensity (i.e., accumulated over time) increased. 
 
 
Figure 36. Results of E-coli inactivation experiments at various water injection flow rates 
from 0 to 100 mL/min with an initial water volume of 20 L at reservoir. 
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Figure 37. Results of E-coli inactivation experiments and pH variations at various water 
injection flow rate from 120 to 180 mL/min with an initial water volume of 20L at 
reservoir. 
 
Figure 38 shows the cfu results as a function of the plasma treatment time. As the 
water flow rate to GA system was increased from 120 to 140 ml/min, the E-coli 
concentration in the form of cfu was dramatically reduced. The initial cfu number was 
105 cfu/mL for the case of 120 mL/min of water injection flow rate, whereas they were 
104 cfu in other three plasma treatment cases. For the cases of water injection flow rate at 
or above 120 ml/min, the cfu measurements showed a 2-log reduction after 13 min of 
plasma treatment. Furthermore, in all plasma-treated cases shown in Figure 38, the cfu 
number was consistently decreased after 13 min of plasma treatment. For the case of 2-
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log reduction for 13-min plasma treatment, 2.31 kJ/L of energy was needed, which 
increased to 4.56 kJ/L for the case of 25-min treatment with 2.6-log reduction according 
to the result obtained at 120 mL/min of the water injection flow rate.  
Figure 39 shows the variations of pH in the plasma-treated water collected at the 
reservoir at the different injection water flow rates from 120 to 180 mL/min over the 
plasma treatment time. pH of the plasma-treated water from the reservoir was decreased 
from the mean value of 6.05 ± 0.10 at t = 0 min to 3.58 ± 0.03 at t = 25 min, a 
phenomenon which can be attributed to the presence of H+ ion produced from water 
molecules dissociated by GAD [1, 85].  
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Figure 38. Results of E-coli inactivation experiments at various water injection flow rates 
with an initial water volume of 20 L at reservoir. 
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Figure 39. Results of pH changes at various water injection flow rates with an initial 
water volume of 20 L at reservoir. 
 
4.2.3. Discussion of effects of H2O2 and low pH produced by gliding arc discharge on 
the inactivation of E-coli in water   
This study reports the changes in both H2O2 concentration and pH in plasma-treated 
water with the GAD for the inactivation of micro-organisms. Experimental results 
obtained in the study indicate that the GAD reacting with water could effectively 
generate H2O2 while it reduces pH of water.  
Note that in the case of zero water injection to the GA system, H2O2 was not 
produced, indicating that water injection was necessary for the production of H2O2. This 
strongly suggests that hydrogen peroxide must have been generated from the dissociation 
of water by the GAD. OH radicals produced by the GAD disappear fast and are quickly 
converted into H2O2. In other words, the generation of H2O2 includes the contributions 
from OH radicals and other active species that might have been formed by the GAD.  
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The presence of H2O2 is a reasonable indicator for hydroxyl radical formation by 
plasma discharge with water [95, 101, 104, 105]. H2O2 is formed as the final process of 
the combination of various radicals such as hydroxyl radicals.  
Results in Figures 38 and 39 showed a significant capability of the present plasma 
water treatment method in the inactivation of bacteria when H2O2 was combined with 
low-pH environment. Note that H2O2 itself is not a strong oxidizer. Also note that low 
acidic water is not a strong oxidizer. However, H2O2 in acidic water becomes a very 
strong oxidizer and an effective tool for the inactivation of microorganisms, making a 
direct impact on the outer membrane of microorganisms due to the peroxidation of a cell 
membrane [86].  
Although H2O2 was not generated for the case of no water injection to GAD (see top 
raw in Figure 36), it is possible that some E-coli was inactivated by means other than 
H2O2, most likely due to other reactive oxygen species such as superoxide (O2-) and 
peroxynitrite (ONOO−) [85]. An interaction of plasma generated species may have 
damaged the cell membrane by physical or chemical modifications. For example, lipid 
peroxidation of membrane often leads to leaky cells [152].  
4.2.4. Conclusions of Section 4.2 
The study in this section investigated the feasibility of the disinfection of water using 
a plasma water treatment particularly for the treatment of a large volume of water. The 
bacterial inactivation experiments with an initial water volume of 20 L were conducted at 
various injection water flow rates to the GAD system. The value of cfu decreased with 
increasing plasma treatment time and water injection flow rate. Bacterial inactivation was 
effective at a water injection flow rate greater than 120 mL/min. Additionally, pH in the 
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plasma-treated water decreased from 6.05 ± 0.10 at t = 0 min to 3.58 ± 0.03 at t = 25 min. 
H2O2 combined with low-pH water was found to have a strong oxidizing power with a 
significant capability in the bacterial inactivation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
80
4.3. Use of plasma gliding arc discharges on the inactivation of E-coli in water  
 
 In the previous Sections 4.1 and 4.2 [134], a small amount of water was injected to 
the plasma jet coming out of the GAD system so that water molecules could be 
dissociated, resulting in the recombination process of hydroxyl radicals, eventually 
forming H2O2 [153], and at the same time, reducing the pH of water [85, 134, 151].  
The combined effects of H2O2 and low-pH conditions on the inactivation of a large 
volume of water (i.e., 20 L) were reported [134], where a maximum 2-log reduction in 
the cfu counts for E-coli was observed with the GAD treatment of 25 min.   
When the mixture of water and gas containing H2O2 was introduced to contaminated 
water, relatively large size bubbles (i.e., over 1 cm in diameter) were formed in the water 
at the reservoir, rapidly rising to the water surface and escaping to the atmosphere [134]. 
Hence, it was suspected that a substantial portion of the H2O2 produced by the GAD 
could not be efficiently employed for bacterial inactivation. Note that as the size of gas 
bubbles in water is reduced, their rate of rise also slows due to the reduced buoyancy, 
thereby increasing residence time and probability that H2O2 molecules will make contact 
with microorganisms in water [154, 155]. Hence, the present study examined a method to 
generate microbubbles of the gas containing H2O2 in water.   
 
 
Section 4.3 was prepared based on the following journal article: 
HS. Kim, K. Wright, I. Hwang, D. J. Cho, D. Lee, A. Rabinovich, A. Fridman, and Y. I. 
Cho, Use of plasma gliding arc discharges on the inactivation of E-coli in water. Separation 
and Purification Technology, 2013. 120: pp. 423-428. 
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In addition, if the low-pH level in water produced by the GAD is maintained for an 
extended period of time, the inactivation power of the GAD would also be maintained 
over the extended period of time, increasing the energy efficiency of the plasma treatment 
method.  
Hence, the objective of the study in Section 4.3 was to investigate the efficacy of a 
GAD for the bacterial inactivation in water with microbubble generators. In addition, the 
combined benefit of H2O2 and low-pH conditions in water was examined with an 
emphasis on the residual effect of the plasma treatment on bacterial inactivation in water 
after the completion of the treatment.  
4.3.1. Experiment setup  
The experimental setup utilized in this section is shown in Figure 40. As explained in 
the introduction, two cylindrical microbubble generators were added to the setup shown 
in Figure 33 of the previous chapter. They were used in the reservoir to generate 
microbubbles as shown in Figure 41(a), which were made of sintered titanium compacts 
with 5-micron pores (BEOT, Shijiazhuang, China).  
The flow rate of water to the GAD system was 120 mL/min at a uniform air flow rate 
of 1.6 scfm, an optimal condition for the present GAD system [134, 135]. The pH level in 
plasma-treated water was measured with a pH meter (HI 9125N, HANNA Instruments, 
Smithfield, RI). Prior to starting each experiment, the pH meter was calibrated at three 
points (i.e., pH: 4, 7, and 10) using standard pH solutions provided by the pH meter 
manufacturer.   
E-coli was also used for bacterial experiments in this chapter. Cultures of E-coli were 
grown for 18 h at 37°C in an incubator and diluted using the most probable number 
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method [154], yielding a range of concentrations between 103 - 106 colony forming units 
per milliliter (cfu/mL) as initial test conditions. The cfu counts in all water samples were 
estimated using the aerobic heterotrophic plate count (HPC) method [146, 147]. For 
bacterial inactivation tests, cultures of E-coli were added to the reservoir filled with 
distilled water of 20 L in volume. Immediately after adding E-coli to water, the water 
reservoir was continuously stirred using an electrical stirrer (Eurostar/IKA, Staufen, 
Germany) at 650 rpm to distribute E-coli uniformly in the reservoir. After stirring water 
for 5 min, 50-mL samples were collected in a sterile tube for cfu counts.  
Prior to plasma inactivation tests, a control test was performed with an initial bacterial 
count of 105 cfu/mL in the reservoir holding contaminated distilled water of 20 L, where 
additional distilled water of 3.84 L was introduced through the GAD system at a flow rate 
of 2 x 120 mL/min for 16 min as per procedures, but with the plasma power turned off. 
Then, the water was kept at the reservoir for the next 4 h, while the cfu number in water 
was determined.     
In cases with plasma treatment, the initial concentration of E-coli in the reservoir 
varied from 103 to 106 cfu/mL. Plasma treatment of distilled water was continued for 25 
min, while plasma-treated distilled water was continuously sent to the reservoir. 
Contaminated water having an initial volume of 20 L and plasma-treated water of 
approximately 6 L were kept in the reservoir for the next 2 h, during which time cfu 
counts were performed. Six water samples were collected for cfu counts at t = 4, 10, 13, 
16, 20 and 25 min during the plasma treatment, and four additional samples were 
obtained at t = 30, 60, 90, and 120 min during the storage period for cfu measurements.  
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Additionally, in order to evaluate microbubble (MB) effects on bacterial inactivation, 
another series of experiments was performed with two microbubble generators. Six water 
samples were collected from the reservoir at t = 4, 10, 13, 16, 20 and 25 min during 
plasma treatment, and four more samples were obtained at 30-min intervals during a 
storage period of 2 h in the cases with low and high initial concentrations (IC) of E-coli, 
indicated in Figure 43 as MB + Low IC and MB + High IC, respectively.  In the case of 
the medium initial concentration of E-coli indicated as MB + Medium IC in Figure 43, 
water samples were also collected at t = 4, 10, 13, 16, 20 and 25 min during plasma 
treatment, but at 60-min intervals during a storage period of 4 h for cfu counts.  
For heterotrophic plate counts, water samples, each 1 mL in volume, were collected 
using sterile pipettes and spread on Brain Heart Infusion Agar plate (Fisher Scientific) 
inside a clean bench within 5 min after collecting 50-mL water samples from the 
reservoir. Prior to spreading 1 mL of samples on the agar plates, the 50-mL sample was 
continuously stirred with a vortex mixer (Fisher Scientific: Genie 2). All agar plates 
containing water samples were dried for 30 min at room temperature inside the clean 
bench and incubated for 18 h at 37°C [148, 149]. The number of colony forming units 
was determined using a colony counter (Digital Colony Counter/HYC-560, HYSC, 
Seoul, Korea). Prior to counting the cfu of E-coli on agar plates after incubating, the HPC 
images were recorded with a camera.  
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Figure 40. Experimental setup for the present plasma-water-treatment system using 
gliding arc discharge; HV = high-voltage power supply, MBG = microbubble generator, 
PG = pressure regulator.   
 
 
 
 
 
(a) 
 
(b) 
Figure 41. Photographs of microbubble generators with 5-micron pores (top view); (a) 
before compressed air was introduced, (b) after compressed air was introduced in water 
reservoir during plasma treatment. 
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4.3.2. Results of use of plasma gliding arc discharges on the inactivation of E-coli in 
water  
Figure 42 shows the cfu results over time obtained both in the control test and in the 
tests conducted with plasma treatment. In the control test, the cfu count in water was 
maintained at 105 per mL during the first 16-min period as well as during the next 4-h 
storage period.   
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Figure 42. Results of cfu numbers in E-coli inactivation experiments with an initial water 
volume of 20 L at water reservoir without and with microbubble generators. (MB = 
microbubble generators, IC = initial concentration of E-coli) 
 
In the tests with plasma treatment, the E-coli concentrations consistently dropped 
during the period of treatment for the cases without and with microbubble generators. In 
the case without microbubble generators (i.e., Medium IC with an initial concentration of 
105 cfu/mL), there was a 2.35-log reduction in the cfu count during the plasma treatment 
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of 25 min, and there was an additional 1.1-log reduction during the storage period of 2 h. 
In the case with microbubble generators and the same initial concentration (i.e., 
MB+Medium IC), there was a 2.6-log reduction in the cfu count during plasma treatment 
of 25 min, and there was an additional 1.8-log reduction during the first storage period of 
2 h, followed by an additional 0.5-log reduction during the next 1-h storage period. In 
summary, the microbubble generators significantly improved the bacterial inactivation 
during the storage period.   
In the case with microbubble generators and initial concentrations of 103 and 106 
cfu/mL (i.e., MB+Low IC and MB+High IC), a similar tendency was observed in the 
reductions in the cfu counts over time. Especially in the case of high initial concentration 
of E-coli, i.e., 106 cfu/mL, the cfu measurements showed a total 6-log reduction:  a 3.26-
log reduction during the plasma treatment of 25 min and an additional 2-log reduction 
during the storage period of 2 h.  
Figures 43(a) and 43(b) show photographic images of the plates used in the HPC 
measurements for the inactivation test using E-coli with plasma treatment–without and 
with microbubble generators, respectively.  In the case without microbubble generators, 
the cfu count was 499±13 per mL at the end of 25-min plasma treatment, whereas the cfu 
count was 249±1 per mL in the case with them, indicating that the microbubble 
generators improved the efficacy of the plasma treatment by approximately 45%.  
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Figure 43. Results of E-coli inactivation experiments and pH variations with an initial 
water volume of 20L at water reservoir; without (a) and with (b) microbubble generators. 
 
Figure 44 shows the variations of pH at the reservoir during both the plasma 
treatment period and the storage period. Considering all four plasma-treatment cases, the 
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pH of water at the reservoir decreased from an initial mean value of 6.15 ± 0.10 to 3.55 ± 
0.1 at the end of plasma treatment, and the low pH values were maintained for next 2-4 h 
storage periods.  
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Figure 44. Results of pH changes in E-coli inactivation experiments with an initial water 
volume of 20 L at water reservoir without and with microbubble generators. (MB = 
microbubble generators, IC = initial concentration of E-coli). 
 
4.3.3. Discussion of use of plasma gliding arc discharges on the inactivation of E-coli 
in water 
The study in this section reports the synergistic effects of H2O2 and low-pH 
conditions on the inactivation of microorganisms in plasma-treated water with a GAD. In 
particular, the study investigated the efficacy of microbubble generators and evaluated 
the residual effect of H2O2 and low-pH in plasma-treated water after the plasma treatment 
was completed. Considering that our previous study [134] gave a maximum 2-log 
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reduction in cfu counts of E-coli after plasma treatment of 25 min using the same GAD 
system but without microbubble generators, the present experimental results show a 
significant improvement with a total 6-log reduction with the same plasma treatment of 
25 min with microbubble generators and a residual effect for 2-4 h after the treatment. 
There were a number of studies on E-coli inactivation by plasma with corona and 
capillary discharges directly in water [57, 156-160]. Studies have indicated a D-value, 
which can be defined as the energy cost per mL per one-log reduction, varied from 3.3 to 
33.3 kJ/mL per 1-log reduction [72, 158, 159].  
Locke and Shih reported that the energy yield for H2O2 formation was 80 g/kWh 
reported with a two-dimensional gliding arc with oxygen and argon gases in divergent-
channel electrodes [101]. The present study utilized three-dimensional gliding arc, which 
gave an energy yield from 4.04 to 7.27 g/kWh with air without microbubble generators 
[135] as shown in Table 9. They were calculated according to Equation (4-1) and one 
example to calculate it is shown as below. The maximum concentration of H2O2 in water 
generated by the GAD and its long effective time are essential in bacterial inactivation 
[135, 150]. The concentration of H2O2 in water was measured using a peroxide test strip, 
which was varied with the water injection flow rate to GAD [134, 135]. 
Energy yield of H2O2 (g/kWh)  
= H2O2 output in collected sample volume / Energy to treat sample   
= H2O2 concentration (mg/L) x Sample volume (mL) / Energy (Ed) per second (J/s) x 
time to treat sample                  (4-1) 
Example of Energy yield calculation:   
Energy yield of 30 ppm of H2O2 at 120 ml/min of water injection flow rate 
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Energy yield (g/kWh) = (30 mg / 1,000 ml x 50 mL / 1,000) / (29.71 J/s x 25 s / 60 
min / 60 s / 1,000 kW) = 7.27 g/kWh   
Where energy (Ed) per second is 29.71 J/s from the Equation (3-2) 
Table 9. Table of energy yield of H2O2 at various water injection flow rate without 
microbubble generators. 
Water 
injection flow 
rate (mL) 
Time to  
treat 50 mL 
(second) 
Energy 
/second 
(J/s) 
H2O2 
concentration
(ppm) 
Energy to  
treat 50 mL 
(Wh) 
Energy  
yield 
(g/kWh) 
20 150 29.71 100 1.238 4.04
40 75 29.71 50 0.619 4.04
80 37.5 29.71 40 0.309 4.85
120 25 29.71 30 0.206 7.27
140 21.4 29.71 25 0.177 7.07
 
The D-value corresponding to the present study with GAD using microbubble 
generators was 0.74 kJ/L per 1-log order reduction including a residual effect for 2 hours, 
indicating that the present GAD method of bacterial inactivation with microbubble 
generators is almost 4.5 times better than the most energy-efficient system in the 
literature.  
D-value (kJ/mL/1-log reduction) = Energy cost per liter / 1-log reduction    (4-2) 
Energy cost/L (kJ/L) = 2 x (Ed /s) x treatment time (min) x 60 s / 20 L         (4-3) 
Energy cost/L = 2 x (29.71 J/s) x 25 min x 60 s / 20L = 4.46 kJ/L 
Example calculations: 
D-value without the residual effect  
= 4.46 kJ/L per 3.26-log reduction = 1.37 kJ/L per 1-log reduction 
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D-value with the residual effect  
= 4.46 kJ/L per 6-log reduction = 0.74 kJ/L per 1-log reduction 
The microbubble generators produced a large number of microbubbles and at the 
same time uniformly dispersed them in the contaminated water so that these 
microbubbles increased the probability and frequency of contact with microorganisms in 
comparison with the case without microbubbles. Moreover, this microbubble improved 
the inactivation ability due to the increased surface area between H2O2 and E-coli. Note 
that the mean diameter of bubbles from 5-micron pores of the bubble generator was 
approximately 1 mm [161-163].  
The results of the present study in this section showed that the microbubble 
generators significantly enhanced the residual effect of the plasma treatment on the 
bacterial inactivation during the storage period (i.e., compare Medium IC and MB + 
Medium IC in Figure 43). This residual benefit of the plasma treatment and the 
synergetic effect of H2O2 and low-pH water, assisted by microbubble generators, may 
have significant practical impact through increased energy efficiency and reduced energy 
costs associated with the plasma inactivation of water.  
The flow rate of water injected through each GAD used in this study was 120 
mL/min, which was determined to be the optimum flow rate for the current GAD in our 
previous studies [134, 135]. Note that in the case of no water injection to the GA system, 
H2O2 was not produced [154], indicating that water injection was necessary for the 
production of H2O2. This also strongly suggested that hydrogen peroxide must have been 
generated from the dissociation of water by the GAD.  
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The presence of H2O2 is a reasonable indicator for hydroxyl radical formation by 
plasma discharge with water [154]. H2O2 is formed in the final process of the 
combination of various radicals such as hydroxyl radicals [101]. In the overall set of 
reactions, the concentration of H2O2 in water can increase with the plasma treatment.  
 Furthermore, the pH of water decreased due to the presence of HNO3. The nitrogen 
dioxide (NO2) affects the pH of the water through the formation of acids and ions. The 
reaction (from (2-10) in Chapter 2) between NO2 and hydroxyl radicals OH by plasma 
discharge to water-air interface can generate HNO3, which results in acidic water [103, 
104, 107, 110].  
   NO2   +    OH   →    HNO3                 (Reaction 2-10 from Chapter 2) 
 Note that H2O2 in acidic water is a strong oxidizer and an effective tool for the 
inactivation of microorganisms and, furthermore, can impact the outer membranes of 
microorganisms directly through the peroxidation of cell membranes [86]. 
4.3.4. Conclusions of Section 4.3 
This chapter [164] investigated the capability of the GA plasma water treatment in 
bacterial inactivation. The effects of microbubble generators and the residual effect of 
H2O2 on the bacterial inactivation were evaluated. Counts of cfu/mL in water decreased 
with plasma treatment time and further decreased during the storage period of 2-4 h. 
Additionally, pH levels in plasma-treated water decreased from an initial mean value of 
6.15 ± 0.10 to 3.55 ± 0.1 at the end of the plasma treatment, which remained unchanged 
for the next 2-4 h storage period. H2O2 combined with low-pH acidic water is a strong 
oxidizer with significant capacity for bacterial inactivation.    
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4.4. Residual effects and energy cost of gliding arc discharge treatment on the 
inactivation of E-coli in water 
 In all GAD water treatments presented in the previous three Sections 4.1, 4.2 and 
4.3, a small amount of water was injected to the plasma jet coming out of the GAD 
generator so that water molecules could be dissociated, resulting in the recombination of 
hydroxyl radicals, forming H2O2 [153], and at the same time, reducing the pH of water 
[85, 134, 151]. The combined effects of H2O2 and low-pH water on the inactivation of 
bacteria were demonstrated in a large volume of water (i.e., 20 L), where a 2.35-log 
reduction in counts of colony forming units (cfu) for E-coli with GAD treatment of 25 
min was obtained with a total energy cost of 1.89  kJ/L per 1-log reduction [134, 164]. 
The total energy cost was further reduced to 1.71  kJ/L per 1-log reduction, i.e., an 
improvement in energy cost per 1-log reduction (D-value) by approximately 10%, with 
microbubble generators, which improved the mixing between plasma-treated water and 
gas [164].  
 When the plasma-treated water is kept in a closed reservoir, the low-pH in water can 
be maintained for an extended period of time. Hence, it is hypothesized that the anti-
microbial power of plasma-treated water [105, 114] might also be maintained over the 
extended period of time after the completion of the plasma treatment. In consideration of 
this hypothesis, the objective of the study in Section 4.4 was to investigate the residual 
effects of GAD treatment on the inactivation of bacteria for a large volume of water. 
 
Section 4.4 was prepared based on the following journal article: 
HS. Kim, D. Lee, A. Fridman, and Y. I. Cho, Residual effects and energy cost of gliding 
arc discharge treatment on the inactivation of Escherichia coli in water. International 
Journal of Heat and Mass Transfer, 2014. 77: pp. 1075-1083. 
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In addition, the present study in Section 4.4 also investigated the plasma energy cost of 
the GAD treatments of water contaminated with E-coli, including the residual benefit of 
anti-microbial properties of plasma-treated water. 
4.4.1. Experiment methods 
 The experimental setup utilized in this chapter is identical with the setup shown in 
Figure 40 of Chapter 4. The flow rate of water to each GAD generator was 120 mL/min 
at a uniform air flow rate of 1.6 scfm, an optimal condition for the present GAD 
generator [134, 135] in this section. The procedure of H2O2 and pH measurement is also 
same with the procedure given in Section 4.3. The temperature of water in the reservoir 
was also measured using a thermometer (52 II, Fluke) whenever pH measurement was 
done.  
Escherichia coli (E-coli) was used for the present bacterial inactivation experiments. 
Cultures of E-coli were grown for 18 h at 37°C in an incubator and diluted using the most 
probable number method [154], yielding a range of concentrations between 105 – 106 
colony forming units per milliliter (cfu/mL) as initial test conditions. The cfu 
measurements in all water samples were conducted using an aerobic heterotrophic plate 
count (HPC) method by the serial dilutions of samples [146, 147].  
Prior to plasma inactivation tests, a control test (see Figure 46) was performed with 
an initial bacterial count of 105 cfu/mL in the reservoir holding 20 L of contaminated 
distilled water, where an additional 2.8 L of distilled water was introduced through the 
GAD generator at a flow rate of 2 x 120 mL/min for 16 min as per procedures but with 
the plasma power turned off. The water was then kept at the reservoir for the next 4 h, 
during which time the cfu numbers in water was determined. 
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In cases with plasma treatment, the initial concentration of E-coli in the reservoir 
varied from 105 to 106 cfu/mL. Plasma treatments were conducted for 10, 13, 16 and 25 
min, during which both plasma-treated water and air were continuously delivered to the 
reservoir. The initial volume of the contaminated water in the reservoir was 20 L in all 
tests. For the cases of 10, 13, 16 and 25-min treatments, approximately 2.4, 3.1, 3.8 and 6 
L of plasma-treated water, respectively, were added to the reservoir during the treatment.  
Two water samples of 50 mL each (including at t = 0, i.e., before treatment) were 
collected for cfu and pH measurements during the plasma treatment period, and 8 
additional samples of 50 mL each were also collected from the contaminated water 
reservoir every 30 min (at t = 30, 60, 90, 120, 150, 180, 210 and 240 min) during the 
storage period (see Figures 47 - 50). 1-mL water sample for cfu measurement at each 
time period was collected using a sterile pipette from 50-mL water sample, which was 
continuously stirred with a vortex mixer (Fisher Scientific: Genie 2). Each 1-mL sample 
water was spread on Brain Heart Infusion Agar plate (Fisher Scientific) inside a clean 
bench within 5 min after collecting the 50-mL water sample from the reservoir. All agar 
plates containing water samples were dried for 30 min at room temperature inside the 
clean bench and incubated for 18 h at 37°C [148, 149]. The number of colony forming 
units was determined using a colony counter (Digital Colony Counter/HYC-560, Korea), 
which has a measurement error (i.e., sensitivity) of 7.9% in the measurement range for 
102 cfu or greater. The above measurements of the cfu of E-coli were repeated three times 
for each water sample, from which both the mean value of cfu/mL and the standard 
deviation were obtained and shown in Figures from 46 to 50. 
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4.4.2. Results of residual effects and energy cost of gliding arc discharge treatment 
on the Inactivation of E-coli in Water 
Figure 45 shows the results of H2O2 concentrations in water collected from the 
connecting line between GAD generator and water reservoir tank at 3 different air flow 
rates and 5 different water flow rates. As the water flow rate varied from 140 to 20 
mL/min, the concentration of H2O2 in the plasma-treated water increased from 20 to 100 
ppm. The maximum concentration of H2O2 of 100 ppm was obtained at the lowest water 
flow rate of 20 mL/min. In the present study, a uniform water flow rate of 120 mL/min 
was used for all bacterial inactivation tests because the large water flow rate provided a 
minimal temperature increase in plasma-treated water [134, 135].  
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Figure 45. Variations of H2O2 concentrations in water at various air flow rates and water 
injection flow rates through GA generator. 
 
Figure 46 shows photographic HPC images for the control case, where the control 
sample (i.e., without plasma treatment) maintained its initial cfu number of 105 per mL 
during 16-min period of the sham treatment under identical test conditions (i.e., with the 
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same water and air flow rates through GAD generator), and the cfu/mL number was 
maintained within ± 15% during the next 4-h storage period. Significant levels of 
cultured E-coli were observed in the HPC images in water collected from the reservoir in 
the control test when the water was not treated with plasma. 
 
 
Figure 46. Control test: results of E-coli inactivation experiment with sham plasma 
treatment with water injection flow rate of 120 mL/min and air flow rate of 1.6 scfm. 
 
Figures 47, 48 and 49 show photographic HPC images obtained in the cases of 10, 
13, and 16-min plasma treatments with an initial E-coli concentration of 105 cfu/mL. 
Figure 50 shows the corresponding images for the case of 25-min plasma treatment with 
an initial E-coli concentration of 106 cfu/mL.  
The energy cost for the present plasma treatment was determined using the values of 
the deposited energy (Ed) obtained from the integration of the voltage and current profiles 
as explained in Chapter 3:  
 Energy cost/L (kJ/L) = 2 x (Ed /s) x treatment time (min) x 60 s / 20 L         (4-4) 
where the constant 2 is for two GAD generators used in the present study. 
For the cases of 10, 13, 16, and 25-min plasma treatment, the plasma energy costs were 
determined as 1.78, 2.31, 2.85, and 4.56 kJ/L, respectively.  
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The cfu data for the cases with plasma treatments were consistently reduced with 
increasing plasma treatment time (i.e., plasma intensity). In addition, the pH significantly 
reduced with the plasma treatment and remained at a reduced level during the subsequent 
storage period.  
Figure 47 also shows the cfu counts for the case of 10-min plasma treatment, 
followed by 4-h storage.  The value of cfu/mL decreased to 5130 ± 110 (i.e., 1.3-log 
reduction) at the end of the plasma treatment, which was further reduced to 35 ± 14 
cfu/mL (i.e., 2.16-log reduction) at the end of the 4-h storage period, resulting in a total 
3.6-log reduction.  
 
Figure 47. Plasma treatment for 10 min: results of E-coli inactivation experiments and pH 
variations with an initial water volume of 20 L at reservoir with 1.78 kJ/L of plasma 
energy consumption. 
 
Figures 48 and 49 show the cfu results for the cases of 13 and 16-min plasma 
treatments, respectively. The results in Figure 48 show 2-log reduction in cfu/mL at the 
end of the plasma treatment with an additional 2-log reduction during the subsequent 
storage period, resulting in a total 4-log reduction. The results in Figure 49 show nearly 
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2.47-log reduction at the end of the 16-min plasma treatment with an additional 2.53-log 
reduction during the subsequent storage period, resulting in a total 5-log reduction at the 
plasma energy cost of 2.85 kJ/L. 
 
Figure 48. Plasma treatment for 13 min: results of E-coli inactivation experiments and pH 
variations with an initial water volume of 20 L at reservoir with 2.31 kJ/L of plasma 
energy consumption. 
 
 
Figure 49. Plasma treatment for 16 min: results of E-coli inactivation experiments and pH 
variations with an initial water volume of 20 L at reservoir with 2.85 kJ/L of plasma 
energy consumption. 
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Figure 50 shows the cfu counts for the case of 25-min plasma treatments with an 
initial condition of 106 cfu/mL. At the end of the plasma treatment, there was 3.26-log 
reduction followed by an additional 2.74-log reduction after 2-h storage, resulting in a 
total 6-log reduction, a better reduction performance than the case of the 16-min 
treatment, but at a significantly increased plasma energy cost of 4.56 kJ/L. 
Using the data on the log-reduction, the plasma energy cost including the residual 
effects in plasma-treated water becomes 0.50, 0.58, 0.57 and 0.74 kJ/L/1-log reduction 
for the cases of 10, 13, 16, and 25-min plasma treatment, respectively. This residual 
effect of the anti-microbial properties significantly improves the plasma energy cost. The 
best plasma energy cost to inactivate E-coli in 20-L water in the present study was found 
to be approximately 0.57 kJ/L per1-log reduction in cfu/mL of E-coli corresponding to 
the 16-plasma treatment. Accordingly, the case with the 16-min plasma treatment was 
considered the best performance in terms of plasma energy cost and bacterial inactivation 
capability among the tests conducted in the present study. 
Figure 51 shows the variations in E-coli concentrations for all cases in the present 
study, including the control case (i.e., no treatment), whereas Figure 52 provides the 
variations in pH during the plasma treatment and subsequent storage periods. The 
temperature increase in the plasma-treated water was found to be less than 6ºC ± 0.05% 
after 25-min plasma treatment. However, since the plasma-treated water was introduced 
to a large volume of water in the reservoir, the temperature rise in the contaminated water 
in the reservoir was negligible in this study. 
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Figure 50. Plasma treatment for 25 min: results of E-coli inactivation experiments and pH 
variations with an initial water volume of 20 L at reservoir with 4.56 kJ/L of plasma 
energy consumption. 
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Figure 51. Results of E-coli inactivation experiments with various treatment times 
(plasma energy) in an initial water volume of 20 L at reservoir.   
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Comparing the bacterial inactivation results with the pH variations in all plasma-
treated cases, the reductions in pH and E-coli concentration followed similar trends. 
Pooling together all of the test data across 5 arms of this study (10, 13, 16, 25 min of 
plasma treatment and no treatment control), reflecting a range of treatment durations and 
storage times, a moderately strong correlation was observed between pH and E-coli 
concentration using Student’s t-test (R=0.52, p=0.0004).  For the plasma treatment cases 
with 10, 13, 16 and 25 min, the mean pH values in the contaminated water in the 
reservoir decreased from the initial pH of 6.13 ± 0.03 to 3.95 ± 0.03, 3.83 ± 0.01, 3.68 ± 
0.02  and 3.62 ± 0.00, respectively, at the end of the plasma treatment, which were 
maintained almost constant during the storage period. Since the reductions in E-coli 
concentration almost coincided with those in pH in the contaminated water, one can 
attribute the residual effects of the plasma treatment to the low-pH of water.  
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Figure 52. Results of pH changes experiments with various treatment times (plasma 
energy) in an initial water volume of 20 L at reservoir. 
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4.4.3. Discussion of residual effects and energy cost of gliding arc discharge 
treatment on the Inactivation of E-coli in Water 
Experimental results in the study given in this section indicate that the pH in the 
treated water was reduced to as low as 3.62 in a large volume of water. The phenomenon 
of the formation of acidic water can be attributed to H3O+ ions and nitric acid (HNO3) 
generated from the plasma discharge [104]. This formation of H2O2 and acidic water 
begins with the dissociation of water molecules from plasma-water interaction [1, 85, 
102, 103], when water is directly exposed to GAD as described in Chapter 2 and Table 
7. Briefly, this plasma-liquid interaction can generate hydroxyl radicals (OH) and then 
OH can be recombined OH and nitrogen dioxide (NO2) which is formed from the air-
plasma interaction, resulting in HNO3, thus reducing pH of water. 
The plasma water treatment system in the present study increased H2O2 concentration 
in water and decreased pH to a low level of 3.6. These two effects are proposed as the 
main mechanism for E-coli inactivation by the plasma treatment. Note that H2O2 itself is 
not a strong oxidizer. Also, note that acidic water alone is not a strong oxidizer. However, 
H2O2 in the presence of acidic water becomes a very strong oxidizer and an effective tool 
for the inactivation of microorganisms, making a direct impact on the outer membrane of 
microorganisms due to the peroxidation of a cell membrane [83, 86, 114]. In the present 
chapter, as the plasma-treated water was pumped to a large volume of bacteria-filled 
water, the optimal bacterial inactivation was achieved with 16-min treatment, resulting 
from the combined effect of the high concentration of H2O2 and low-pH level in water. In 
other words, the plasma treatment in the case of 25-min treatment gave a slightly better 
performance in the bacterial inactivation than the case of 16-min treatment, but at a 
significantly increased energy cost. Further inactivation was obtained through the 
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residual effect of the plasma treatment as manifested by reduced cfu values by letting the 
plasma-treated water sit for several hours. 
There have been a number of studies on E-coli inactivation by other types of plasma 
such as corona, capillary and DBD discharges directly in water [1, 57, 156-160]. D-value, 
which can be defined as the energy cost per L per 1-log reduction (i.e., 90%), varied from 
3.3 to 33.3 kJ/L per 1-log reduction [72, 158, 159]. The D-value obtained with a 3-
dimensional GAD in the present study in 20-L water was 0.57 kJ/L per 1-log reduction 
for 16-min treatment case, indicating that the present GAD method of bacterial 
inactivation showed at least 5.7 times more energy-efficient than those systems reported 
in the literature [1, 57, 156-160].   
4.4.4. Conclusions of Section 4.4 
The study in the present section [165]  reports the efficacy of plasma water treatment 
with gliding arc discharge on the inactivation of contaminated water. Plasma treatment 
decreased the pH of water to 3.62 as GAD produced H3O+ ions and HNO3. The efficacy 
of active plasma species such as H2O2 and low-pH on the inactivation of a large volume 
of water (i.e., 20 L) has been demonstrated with plasma treatment of 10, 13, 16 and 25 
min. Although the plasma treatment provided only partial inactivation at the end of the 
plasma treatment, remaining E-coli in water was further inactivated during the 
subsequent storage period by the residual effect of H2O2 and low-pH. The synergetic 
effect of H2O2 and low-pH in water is enhanced by a powerful residual effect during the 
post-treatment storage period, where no additional energy is consumed.  
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4.5. Conclusions of Chapter 4 
 In Chapter 4, the effect of plasma water treatment on the inactivation of E-coli 
contaminated water was investigated with a 3-dimensional gliding arc system. When 
water was introduced to GAD, the generation of H2O2 and low-pH in plasma-treated 
water was demonstrated, rendering a powerful bacterial inactivation ability.  
The concentration of H2O2 was measured in plasma treated water which was exiting 
from GAD system. The maximum H2O2 concentration of 100 mg/L occurred at a water 
injection rate of 20 mL/min and an air flow rate of 1.6 scfm, a test condition which 
resulted in 5-log reduction in cfu/mL of E-coli. In addition, this maximum concentration 
of H2O2 was maintained in plasma-treated water for approximately 10 min.  
After the confirmation of the usefulness of H2O2 for the inactivation of bacteria, the 
study investigated the benefit of water injection to GAD system for the treatment of a 
large volume of water (i.e., 20 L). In general, the cfu/mL of E-coli in the contaminated 
water decreased with increasing plasma treatment time and water injection flow rate. 
Bacterial inactivation was most effective at a water injection flow rate greater than 120 
mL/min. Additionally, the pH in the plasma-treated water dropped from the initial value 
of 6.05 ± 0.10 to 3.58 ± 0.03 at t = 25 min [134].   
The effects of microbubble generation and residual effects of H2O2 in acid water 
generated by plasma treatment were evaluated to further improve cfu reduction and 
energy efficiency of the bacterial inactivation [164, 165] . Values of cfu/mL in water 
decreased with plasma treatment time and further decreased during the storage period of 
2-4 h. Additionally, pH levels in plasma-treated water decreased from an initial mean 
value of 6.15 ± 0.10 to 3.55 ± 0.1 at the end of the plasma treatment, which remained 
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unchanged for the next 2-4 h storage period. Furthermore, the efficacy of active plasma 
species such as H2O2 and low-pH on the inactivation of a large volume of water (i.e., 20 
L) was demonstrated with plasma treatment of less treatment time (i.e., 10, 13, and 16 
min). Although the plasma treatment provided only partial inactivation at the end of the 
plasma treatment, remaining E-coli in water was further inactivated during the 
subsequent storage period by the residual effect of H2O2 and low-pH. 
The generation of H2O2 was believed to be due to the dissociation of water molecules 
by the GAD, including the recombination process of hydroxyl radicals. H2O2 generated 
by the water injection to GAD was instrumental in the bacterial inactivation over 
relatively long duration, and H2O2 combined with low-pH water was found to further 
increase bacterial inactivation capability. Plasma treatment decreased the pH of water to 
3.62 as GAD with water injection produced H3O+ ions and HNO3. The synergetic effect 
of H2O2 and low-pH in water was enhanced by a residual effect during the post-treatment 
storage period, where no additional energy was consumed. Additional studies are needed 
to better understand the scale-up issue involved in the treatment of a significantly large 
volume of water.  
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Chapter 5. Spark discharge in produced water and its application 
 The present chapter reports two separate studies conducted with high-voltage (HV) 
spark discharges for the treatment of produced water, (1) a study of a self-cleaning 
filtration concept and (2) a study of a disinfection of APB and SRB, whose results were 
reported in two previous publications [166, 167]. The application of strong short-pulse 
electric fields in water was studied for many years as such fields could create spark 
discharges that initiated a range of chemical and physical water treatment processes. For 
example, spark discharges in water could produce UV radiation, strong electric fields, 
shock waves, focal areas of high temperature over 2,000K, various reactive species (.OH, 
.O, 1O2, O3, .HO2, H2O2, NO, NO2) and charged particles [1, 3]. These plasma products are 
useful in the degradation of organic compounds, the destruction of bacteria, the oxidation 
of inorganic ions and organic matter, and mineral fouling (scaling) prevention [67, 68]. 
Because plasma discharge can create multiple plasma products, plasma discharges have 
the potential to address multiple treatment requirements (i.e., targets) for produced water 
simultaneously. 
5.1. Self-cleaning filtration with spark discharge in produced water 
 Among the aforementioned multiple plasma products, this section focused on the 
utilization of shock waves generated by short-pulse spark discharges to the filtration 
media. In the vast majority of filtration technologies, the pressure drop across the filter 
surface gradually increases, or alternatively the flow rate gradually decreases over time. 
In other words, the accumulation of suspended particles on the filter surface reduces filter 
performance. Accordingly, the filter cartridge, media or membrane should be replaced 
frequently, a process that is prohibitively expensive in most industrial water applications. 
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To overcome the drawbacks of the frequent filter replacement, a backwash process is 
often used in wastewater treatment, reversing the direction of flow during the cleaning 
phase using clean filtered or fresh makeup water [168-171]. However, as the volume of 
water increases, the backwash operation itself can become cost-prohibitive and 
impractical.  
The study described in Section 5.1 utilized HV spark discharges in order to keep 
cartridge filter surfaces clean. When a HV spark discharge is created between two 
submerged electrodes in water, a thermal plasma channel is formed, producing intense 
shockwaves [1, 3] in addition to the aforementioned plasma products which are useful in 
the water treatment [67, 68]. 
In order to generate spark discharges in liquid, a pulsed HV power supply is needed 
having voltage rise times shorter than the Maxwellian relaxation time of the liquid [116]. 
High electric field strength can typically be achieved by using a needle-shaped electrode 
with a sharp tip, from which a strong electric discharge usually initiates. Although the 
sharp-tip electrode is useful in generating short-pulse spark discharges in water, such an 
electrode configuration is prone to the erosion due to high temperature of spark [117, 
136], and thus, the short lifetime of the needle electrode is a major drawback.  
As explained in Chapter 3, our previous study showed that the surface of stainless 
steel filter working as ground electrode was damaged due to the repeated intense local 
heat (i.e., cathodic hot spot) generated by spark discharges [1, 70].  
 
Section 5.1 was prepared based on the following journal article: 
HS. Kim, K. Wright, D. J. Cho, and Y. I. Cho, Self-cleaning filtration with spark discharge 
in produced water, International Journal of Heat and Mass Transfer, 2015. 88: pp. 527-537. 
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Accordingly, there was a needs to develop a new electrode system that could generate 
spark discharges in water without the cathodic hot spot or the erosion problem.  
 The objectives of the study in Section 5.1 were (1) to develope such a new electrode 
system together with an electronic pulse generator so that the aforementioned problems 
associated with the generation of spark discharges could be eliminated, and (2) to 
investigate the validity of a spark-assisted self-cleaning (SASC) filtration concept 
through experimental tests. 
5.1.1. Experiment methods 
5.1.1.1. Experiment setup  
 Figure 53 shows the experimental test setup, which consisted of a reservoir tank, a 
centrifugal pump, a flow meter with a flow-control valve, a stainless steel cartridge filter 
(see #6 in Figure 54) with pore sizes of either 3 or 5 micron, and a filter housing. A co-
axial electrode (see #5 in Figure 54) that was connected to a HV power supply and pulse 
generator was installed vertically at the top of the filter housing (see #9 in Figure 53). 
This HV power supply and pulse generator, and their voltage and current profiles were 
shown in Figures 22 and 23 of Chapter 3.  
 The pressure drop across the filter surface was measured over time with both digital 
and analog pressure sensors, which were installed at the inlet and outlet of the filter 
housing. The pressure at the outlet (post-filtration) was measured by an analog gauge 
having a range 0 to 410 kPa and found to be consistently 0 Pa during tests. The inlet 
pressure (pre-filtration) was measured with both an analog gage (see #16 in Figure 53) 
and a digital pressure transducer (see #15 in Figure 53) (Omega, PX409-100GUSBH: 
range 0-690 kPa) installed in the same pipeline prior to the filter. 
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The entire test system was flushed thoroughly with tap water after each test. In the 
tests with spark discharges using synthetic and actual produced waters, the digital 
pressure transducer could not be used because the propagation of strong electric pulses 
from the HV electrode via high-conductivity water interrupted the data acquisition 
activity in the pressure transducer. For those cases, the variations in an analog pressure 
gage (see #16 in Figure 53) installed at the inlet of the filter were recorded with a video 
camera during the tests, and the pressure over time was analyzed later. The pressure 
measurements with the digital pressure transducer were calibrated with the analog 
pressure gauge. 
 
Figure 53. Schematic diagram of the test setup in a recirculation flow mode. 
 
5.1.1.2. Co-axial electrode system  
 Figure 54(a) and Table 10 show the schematic drawing and parts of the co-axial 
electrode configuration, and Figure 54(b) shows the electrode assembly installed 
vertically in a filter housing. The co-axial cylindrical electrode consisted of the following 
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components: (1) a negative HV electrode made of a 316 stainless steel acorn nut (#2 in 
Figure 54(a)) (Part No. 92994A007, McMaster-Carr) connected to a HV power supply 
via a long stainless steel extension tube (#3 in Figure 54(a)) with an inner diameter of 
1.4 mm, and (2) an outer cylindrical ground electrode (#1 in Figure 54(a)) made of 316 
stainless steel with an inner diameter of 15.8 mm. The two cylindrical electrodes formed 
a co-axial configuration and were electrically separated by an insulating material (#4 in 
Figure 54(a)) (i.e., glass-filled Teflon, Part No. 8546K14, McMaster-Carr) except for the 
acorn-nut tip having 5-mm length at the end of the HV electrode. The radial gap distance 
between the tip of the HV electrode and the surrounding ground electrode which was 
submerged in highly conductive water like produced water was 4.5 mm, the distance that 
provided an optimum electrical resistance for the ignition of spark discharges. 
 Compressed air was introduced through the inner channel of the HV stainless steel 
extension tube (#3 in Figure 54(a)) to the gap space between the tip of the HV electrode 
and surrounding ground electrode. After experimentally varying the compressed air flow 
rates, air flow of 2.4 liter per min was found to be an optimum value for the present 
study. At this air flow rate, stable spark discharges could be ignited and sustained 
relatively easily. The air flow rate was controlled and monitored using a flow meter with 
a control valve (#18 in Figure 53). 
 The co-axial electrode system was installed vertically at the top of the horizontally 
positioned filter housing so that compressed air would remain in the gap space between 
the two electrodes and create an air pocket, thereby enabling stable generation of spark 
discharges in produced water. The filter housing was made of transparent PVC pipe (4 in, 
Schedule 80, inside diameter = 97.0 mm and length: 330.0 mm) for visual observation 
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purposes, which held a 10-in long stainless steel cartridge filter (outside diameter of 63.5 
mm, length of 254.0 mm). Two different pore size filters of 3 and 5 micron were used in 
the study.  
 When test water entered the filter housing, water moved inwardly across the filter 
surface in the radial direction (i.e., from outside to inside). Hence, particles greater than 
the pore size were accumulated on the filter surface. As spark discharges generated strong 
shock waves, impacting the outside filter surface, the accumulated particles were pushed 
away from the filter surface. Accordingly, the dislodged particles fell downward by 
gravity, falling down into a particle storage tank (#7 in Figure 54(b)) located at the 
bottom of the filter housing and drained periodically with a solenoid valve such that the 
particles were removed from circulation. As described above, since compressed air was 
continuously injected to the gap between the two electrodes for generating spark 
discharges, an air vent (#8 in Figure 54(b)) was installed at the top of the filter housing. 
The air vent was opened slightly during experimental tests to permit compressed air but 
not water to escape from the filter housing. Since the flow rate of air injection to the 
electrode was very low, i.e., 2.4 liter per min., the air inside the housing was removed 
stably through the vent during the experiment. Under normal operating conditions water 
did not escape through the vent. 
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(a) (b) 
 
Figure 54. (a) Configuration of co-axial electrode used to generate spark discharge and 
(b) filter housing with co-axial electrode installed vertically. 
 
 
Table 10. Lists of the parts number and its descriptions of Figures 53 and 54. 
 
No Description No Description 
1 Ground electrode made of stainless steel pipe (I.D. 15.8 mm) 11 Water pump (3/4 HP) 
2 HV electrode made of metal acorn nut 12 AC power supply 
3 
Stainless steel tube (O.D. 3.18 mm, 
I.D. 1.4 mm) connecting to HV 
electrode 
13 Plasma discharge with gas and water flows 
4 Teflon insulation (O.D. 15.8 mm) 14 Nozzle at ground electrode 
5 Co-axial electrode 15 6 nozzles for the introduction of compressed air 
6 Stainless steel filter 16 6 nozzles for the introduction of water to GA discharge 
7 Particle drain 17 Digital pressure transducer 
8 Air vent. 18 Air flow meter 
9 PVC filter housing 19 Filtration returned line 
10 Water reservoir (15 gallons) 20 Sampling port of post-filtration 
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5.1.1.3. Preparation of synthetic produced water  
 A series of experiments was conducted with synthetic produced water and actual 
produced water. To simulate actual produced water with similar total dissolved solids 
(TDS) and total suspended solids (TSS), synthetic produced water was made by adding 
calcium chloride (CaCl2), sodium carbonate (Na2CO3), and NaCl into municipal water 
(Camden, NJ) in the proportions shown in Table 11. The reactions among the chemicals 
can be shown as: 
CaCl2 (aq)   +   Na2CO3 (aq)      CaCO3 (s)   +   2NaCl  (aq)                 (5-1) 
 In order to prepare synthetic produced water with a high TSS, the reservoir was first 
filled with tap water at a total volume of 15 gal, CaCl2 powder was then added to 15 gal 
of tap water, and the water was continuously circulated through a bypass line for 3 min 
for mixing. Next, Na2CO3 powder was added to the reservoir, and the water was again 
circulated through a bypass line for another 3 min for mixing. Then, 100 mL of water 
sample was taken out from the sampling port-1 (#13 in Figure 53) for water chemistry 
measurements. For higher TDS water cases, NaCl was finally added to 15 gal of water 
containing dissolved CaCl2 and Na2CO3. After NaCl was added, the solution was 
circulated for another 3 min, and then, 100 mL of water sample was taken out from the 
sampling port-1 for water chemistry measurements. This solution was employed for 
experimental tests as synthetic water having comparable electric conductivity levels as 
produced water.   
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Table 11. Amounts of chemicals to make synthetic produced water and corresponding 
TDS and TSS in water. 
Test 
No. 
Amount of chemicals to be added to tap 
water (mg/L) 
TSS and TDS in synthetic produced 
water (mg/L) 
CaCl2 Na2CO3 NaCl TSS as CaCO3 TDS as NaCl 
1 2,846 2,718 - 2,565 3,000
2 1,423 1,359 10,300 1,283 10,000
3 2,846 2,718 10,300 2,565 10,000
4 2,846 2,718 51,500 2,565 50,000
*(CaCl2: Mw = 110.98 g/mol, Na2CO3: Mw = 105.99 g/mol, NaCl: Mw = 58.49 g/mol, 
CaCO3: Mw = 100.09 g/mol) 
 
5.1.2. Results of self-cleaning filtration with spark discharge in produced water 
For validation tests using this SASC filtration system, the pressure drop across the 
filter surface was measured both for synthetic produced water and for actual produced 
water by varying flow rates, TDS, TSS, and the pore sizes of filter. All baseline tests 
were performed with filtration but without spark discharges. For baseline tests, the 
pressure drop across the filter surface eventually reached either an asymptotic level or a 
point of pump failure due to excessive increase in the pressure drop when operating at 
higher flow rate and higher TDS levels. After each test, the test setup was thoroughly 
cleaned with tap water, and new synthetic produced water was prepared according to the 
aforementioned procedure, spark discharges were then applied, and the pressure drop was 
measured across the filter surface over time.  
Figure 55 shows the variations in pressure drop across the stainless steel filter surface 
in synthetic produced water with 3,000-ppm TDS and 2,500-ppm TSS. The pressure drop 
data obtained in the baseline test (i.e., no spark plasma) are shown in open symbols, 
whereas those obtained with spark discharges are shown in half-closed symbols. The 
pressure drop data from the baseline tests (see curves marked as 1, 3, and 5 in Figure 55) 
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showed sudden increases during the first minute of the experimental test runs with both 
3- and 5-micron pore size filter cartridges. Particularly, in the two baseline tests (curve 
#3: 5 gpm + 5-µm pore filter and curve #5: 10 gpm + 3-µm pore filter in Figure 55), 
pressure drops continued to increase to levels that forced the pump to fail as indicated by 
“PF” at the end of the curves. For example, in the baseline test described by curve #3 in 
Figure 55, the main flow pump failed after 9 min due to excessive pressure build-up 
caused by severe particle accumulation at the filter surface, whereas the baseline test 
described by curve #5 in Figure 55 failed after only 30 s. In the baseline test shown as 
curve #1 in Figure 55 (2 gpm + 5-µm pore filter), pressure drop gradually increased over 
time, reaching an asymptotic value of 186 kPa at 25 min without pump failure.  
In the experimental tests with spark discharges employed to clean the filter cartridge, 
variations in the pressure drops across the filter surface were much lower than those in 
the baseline test. In the cases with 5-micron pore filter (curves #2 and #4 in Figure 55), 
the pressure drop data did not increase over time. Rather, the initial pressure drops 
corresponding to a clean filter at both 2 and 5-gpm flow rates were maintained until the 
end of the test runs without pump failure. The pressure drop for curve #4 in Figure 55 
was slightly greater than that for curve #2 because of the higher flow rate used. In the 
cases using 3-micron pore filter at 10-gpm flow rate (curve #6 in Figure 55), the pressure 
drop across the filter initially increased to a high value of approximately 205 kPa within 
the first 2 min but then began to level off, gradually increasing to 220 kPa at t = 13 min, 
when the pump failed.  
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Figure 55. Changes in differential pressure between inlet and outlet of stainless steel filter 
at 3,000 ppm of TDS and 2,500 ppm of TSS in synthetic produced water. 
*Note: the experimental data of Figure 55 is provided in Table A1 of Appendix A. 
 
Figure 56 shows photographs of mesh surfaces of the 5-micron stainless steel filter 
after filtration tests with synthetic produced water of 3,000 ppm of TDS and 2,500 ppm 
of TSS at two different flow rates of 2 and 5 gpm. For comparison, the photographs of 
the clean filter surfaces before the tests are also shown on the left panels. The 
photographs in the middle panels show the white-powder (i.e., CaCO3 particles) 
accumulated on the filter surface. A small hole in the middle of each photograph was 
created by the compressed air coming out of the co-axial cylindrical electrode during the 
test. Note that the compressed air was also injected in the test without spark discharge to 
standardize test procedures and also to prevent water from flowing back into the HV 
electrode channel, thus keeping the HV electrode dry. The photographs on the right 
panels show relatively cleaner filter surfaces at the end of the test with spark discharges.  
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Figure 56. Photographs of filter surfaces of 5-micron stainless steel filter at 2- and 5-gpm 
flow rates, 3,000 ppm of TDS, and 2,500 ppm of TSS in synthetic produced water. 
 
Figure 57 shows the variations in pressure drops across filter surfaces in synthetic 
produced water with 10,000-ppm TDS and 1,250-ppm TSS. The pressure drop data from 
the baseline tests marked as curves 3 and 5 in Figure 57 show sudden increases to 300 
kPa immediately after start of the test. The main flow pump failed after 4 min in the case 
of curve #3 in Figure 57 (5 gpm + 5-µm pore size), whereas it failed after 30 s in the case 
of curve #5 (10 gpm + 3-µm pore size) due to higher pressure built-up on the filter 
surface caused by high flow rate. In both baseline tests shown as curves #3 and #5 in 
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Figure 57, severe particle accumulations were observed on the filter surfaces, resulting in 
early pump failures. In the baseline test shown in curve #1 (2 gpm + 5-µm pore filter), the 
pressure drop also increased rapidly during the first 2 min but leveled off after that, 
gradually increasing over time during the next 33 min and reaching an asymptotic value 
of 150 kPa at t = 35 min. The sudden jump in the pressure drop observed at t = 27 min 
was due to a flow rate adjustment, which was done to maintain the constant flow rate 
during the test.   
In the tests with spark discharges for filter cartridge cleaning, variations in the 
pressure drops across the filter surface were much lower than those in the baseline test. In 
the case with 2 gpm + 5-micron pore (curve #2 in Figure 57), the pressure drop gradually 
increased over time, reaching an asymptotic value of 75 kPa. In the case with 5 gpm + 5-
micron pore (curve #4 in Figure 57), the pressure drop initially increased rapidly but 
leveled off, reaching a value of 255 kPa due to the high flow rate but without pump 
failure. In the case with 10 gpm + 3-micron pore (curve #6 in Figure 57), the pressure 
drop across filter surface initially increased rapidly. Although the pressure drop across 
filter surface was much less when compared to that obtained during the baseline test, the 
pump eventually failed at t = 9 min due to the relatively high flow rate of 10 gpm.  
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Figure 57. Changes in differential pressure between inlet and outlet of stainless steel filter 
at 10,000 ppm of TDS and 1,250 ppm of TSS in synthetic produced water. 
*Note: the experimental data of Figure 57 is provided in Table A2 of Appendix A. 
 
Figure 58 shows the variations in pressure drop across the 5-micron filter surface in 
synthetic produced water with 10,000-ppm TDS and 2,500-ppm TSS at two different 
flow rates of 2 gpm and 5 gpm. The pressure drop from the baseline test shown as curve 
#1 in Figure 58 (i.e., 2 gpm) consistently increased over time, reaching 155 kPa at t = 26 
min without pump failure, whereas the pressure drop obtained with spark discharges 
increased to 45 kPa at t = 27 min also without pump failure, a significantly smaller value 
than that obtained without spark discharges. The pressure drop from the baseline test 
shown as curve #3 in Figure 58 (i.e., 5 gpm) increased rapidly, reaching 290 kPa after 
less than 3 min, resulting in pump failure, whereas the pressure drop obtained with spark 
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discharges consistently increased (curve #4 in Figure 58), reaching 255 kPa at t = 13 
min, a much smaller value compared to that obtained without spark discharges.   
 
Figure 58. Changes in differential pressure between inlet and outlet of stainless steel filter 
at 10,000 ppm of TDS and 2,500 ppm of TSS in synthetic produced water. 
*Note: the experimental data of Figure 58 is provided in Table A3 of Appendix A. 
 
Figure 59 shows the variations in pressure drop across the 5-micron filter surface in 
synthetic produced water with 50,000-ppm TDS and 2,500-ppm TSS at two different 
flow rates of 2 gpm and 5 gpm. The pressure drop from the baseline test shown as curve 
#1 in Figure 59 (i.e., 2 gpm) consistently increased over time, reaching 300 kPa at t = 14 
min with pump failure, whereas the pressure drop obtained with spark discharges could 
maintain the initial value of 13 kPa throughout the entire test duration without pump 
failure, a significant achievement of filter cartridge cleaning delivered by the spark 
discharges.  The pressure drop from the baseline test shown as curve #3 in Figure 59 
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(i.e., 5 gpm) rapidly increased after start, reaching 300 kPa after in less than 2 min, 
resulting in pump failure, whereas the pressure drop obtained with spark discharges 
consistently increased, reaching 280 kPa at t = 6 min also with pump failure. 
 
Figure 59. Changes in differential pressure between inlet and outlet of stainless steel filter 
at 50,000 ppm of TDS and 2,500 ppm of TSS in synthetic produced water. 
*Note: the experimental data of Figure 59 is provided in Table A4 of Appendix A. 
 
Figure 60 shows the variations in pressure drop across the 5-micron filter in actual 
produced water with 50,000-ppm TDS at a flow rate of 2 gpm. The pressure drop 
obtained without spark discharges shown in as curve #1 in Figure 60 rapidly rose to a 
value of 325 kPa in 30 s with immediate pump failure, whereas those obtained with spark 
discharges shown in curve #2 increased to an asymptotic value of 150 kPa at t = 15 min 
and then over the next 55 min, increased to 190 kPa without pump failure, a remarkable 
achievement of the cleaning effect by spark discharges. 
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Figure 60.  Changes in differential pressure between inlet and outlet of stainless steel 
filter at 50,000 ppm of TDS in produced water 
*Note: the experimental data of Figure 60 is provided in Table A5 of Appendix A. 
 
Figure 61 shows photographs of the mesh surfaces of 5-micron stainless steel filter 
after filtration tests with actual produced water of 50,000-ppm of TDS at a flow rate of 2 
gpm. For comparison, the photograph of the filter surface before the tests is shown on the 
left panel. The photograph on the middle panel obtained without spark plasma cleaning 
shows the filter surface with a large number of tiny spots (staining caused by filtered 
hydrocarbons), resulting in immediate pump failure after 30 s. The photograph in the 
right panel obtained with spark plasma cleaning shows a similar looking filter surface, 
but with a large number of slightly bigger particles (staining caused by hydrocarbons and 
deposition of coagulated particles) than those from the baseline test. In particular, the 
filter surface near the co-axial electrode system, where the benefit of the spark cleaning 
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effect should be at a maximum level, appears visually to be cleaner than the rest of the 
filter surface (see the photograph on the right panel in Figure 61), suggesting that SASC 
was able to maintain the pressure drop across filter surface and prevent pressure from 
rising over time. 
 
Figure 61. Photographs of filter surfaces of 5-micron stainless steel filter at 2-gpm flow 
rate in produced water. 
 
5.1.3. Discussion of self-cleaning filtration with spark discharge in produced water 
 The results of the present study described in Section 5.1 show that the application of 
spark discharges using the co-axial electrode configuration helped to keep cartridge filter 
surfaces clean, and the pressure drop across the filter surface obtained with spark 
discharges was consistently lower that that obtained without spark plasma cleaning. 
However, as the flow rate increased from 2 gpm to 5 and 10 gpm, and TDS values of 
water increased, the efficacy of spark plasma cleaning decreased. This performance 
reduction which was observed at higher flow rates and higher TDS levels might be due to 
the physical size of the cartridge mesh filter (i.e., 10-in long) used in the present study. In 
other words, for high flow rate and high TDS case, a larger overall filtration surface may 
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be required to take advantage of the SASC system. Alternatively, if two or three filters 
connected in parallel were used with SASC in each filter instead of a single 10-in long 
cartridge filter, the spark discharges might have been able to keep the filter surface clean 
even at a high TDS water as manifested by curve #2 in Figure 59. 
The unique feature of the co-axial electrode configuration is that both HV electrode 
and ground electrode are positioned together at the same location. This feature is useful 
in the implementation of the SASC filtration technology as this co-axial electrode can be 
installed through a single hole on the sidewall of a filter housing. Furthermore, since the 
filter surface is not used as a ground electrode in the SASC technology, the filter does not 
have to be made of metal. In other words, any filtration material such as fabric, polymer, 
and ceramic can be used. Since the HV electrode tip is nearly hemispherical in shape, the 
erosion problem associated with the sharp needle electrode did not take place during 
these studies, increasing the reliability of the electrode over time. In addition, because the 
co-axial electrode utilizes two concentric cylindrical geometries, the gap between the two 
electrodes is maintained constant, unlike in a point-to-plate electrode which erodes and 
widens the spark gap with increasing use. As the gap distance is one of the most critical 
parameters in the discharge of spark plasmas, the co-axial electrode geometry provides 
stability and reliability in the generation of spark discharges over time.  
Because the spark discharges remove accumulated particles from filter surfaces, the 
concentration of the suspended particles in the annulus space between the filter and filter 
housing increases almost linearly over time, a phenomenon which will degrade the 
performance of SASC filtration. These solid particles, e.g., CaCO3, are often 2-3 times 
heavier than water and typically able to be settled by gravity if there is room. In other 
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words, if the filter housing is designed such that these particles move away from the filter 
surface to a storage space below the filter housing by gravity, the concentration of the 
suspended particles in the annulus space can be maintained at a certain threshold value 
for the optimum performance of the SASC filtration technology. 
Produced water has sufficient concentrations of cations such as ferrous iron (Fe2+) 
[10, 21], and spark discharge in produced water may be able to convert these dissolved 
ions to solid particles in produced water.  
e    +    H2O      →      H    +    OH   +   e                                       (2-1) 
e    +    H2O      →      H-   +   OH                                                  (2-2) 
For instance, in plasma-treated produced water, the hydroxyl radical (OH) is 
generated from the dissociation of water molecules (see above chemical reactions in 
Equation (2-1) and (2-2)) as explained from Chapter 2 [1, 85, 102]. Subsequent chemical 
reactions between OH and Fe2+ generate the coagulants of Fe(OH)2, or Fe(OH)3 (see 
below chemical reactions in Equation (5-2) to (5-4)) [1, 96, 172, 173]. 
4Fe2+     +      O2     +     2H2O     →      4Fe3+     +     4OH−           (5-2) 
Fe2+      +     2OH−      →       Fe(OH)2 ↓                                       (5-3) 
Fe3+      +     3H2O      →       Fe(OH)3 ↓     +     3H+                     (5-4) 
 As a result of these chemical reactions, suspended particles as well as organic 
contaminants in produced water stick to the surface of Fe(OH)3 particles and then they are 
precipitated in the form of the coagulated and flocculated large solid particles [172-174]. 
Note that ferric oxide particles are highly adherent, accelerating the coagulation and 
flocculation of other suspended particles with the help of mixing caused by shock waves 
from spark plasma discharges. In the case of actual produced water, the particle size on 
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the filter surface with SASC was bigger than that from the baseline test (see Figure 61). 
We speculate that the spark plasma may have coagulated and flocculated the other 
suspended particles in produced water, thus reducing TSS. However, since the color of 
the produced water used in the study was very dark, the concentration of TSS could not 
be measured. 
 The pressure drop results from the present study suggest that to maximize the 
performance of SASC filtration, a range of parametric optimization steps are needed, 
including filter pore size, filter surface area, flow rate, TDS, and TSS. Note that the TDS 
level in produced water was extremely high (i.e., >100,000 mg/L) due to the high 
concentration of dissolved ions and hydrocarbons, challenging the performance of SASC 
filtration in these tests. In future studies, pretreatment of high-TDS produced water may 
be considered prior to SASC filtration to explore methods for improving SASC 
performance. 
Although the present study focuses on the use of the shockwaves generated by spark 
discharges to keep a filter surface clean, spark plasma discharges also generate UV 
radiation, electric fields, numerous reactive oxygen and nitrogen species, and charged 
particles as mentioned earlier. These plasma products give spark plasma discharges the 
potential to address multiple treatment requirements of produced water such as 
disinfection, de-oiling, mineral fouling prevention, and the oxidation of dissolved 
hydrocarbon. 
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5.1.4. Conclusions of Section 5.1 
 The study [167] described in this section investigated the feasibility of using short-
pulse spark discharges to keep filter surfaces clean over time. Suspended particles of 
calcium carbonate in synthetic produced water were used for a series of experimental 
validation tests and produced water samples were used for a separate series of tests. 
Shock waves generated by the spark discharges prevented the accumulation of the 
particles on the filter surface, keeping the pressure drop across the filter surface close to 
the initial low values at a flow rate of 2 gpm, TDS of 3,000 ppm, and TSS of 2,500 ppm. 
As the flow rates, TDS, and TSS levels were increased, the efficacy of SASC filtration 
decreased due to the limited filter surface area in this study. The range of water properties 
that were shown to be filterable with the current spark discharge using 10-in long 
stainless steel mesh filter was TDS level ≤ 50,000 mg/L and TSS level ≤ 2,500 mg/L. 
The authors believe that the range could be further expanded with a larger filter size than 
the one used in the study. In general, the spark discharges maintained the pressure drop 
across filter surface at a level corresponding to the case of clean filters or significantly 
less compared to those obtained in the baseline test. An optimization study is 
recommended to determine the specific condition of the SASC filtration, including filter 
pore size, filter surface area, flow rate, TDS, and TSS. Furthermore, the filter housing 
should be redesigned such that the suspended particles pushed away from the filter 
surface by the shock waves of spark discharge are permitted to fall to a pre-determined 
space by gravity, and as a result would not adversely affect the performance of SASC 
filtration.  
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5.2. Use of spark discharges for the inactivation of APB and SRB in produced water 
Microbiologically influenced corrosion (MIC) is a common occurrence in the oil and 
gas industry [27] and is one of major operating issues that result in higher costs, increased 
health risks, and a host of operating problems [25, 26] as mentioned in Chapter 1. This 
type of corrosion can occur anywhere in the production environment and cause ruptures 
that seriously impede operations [27]. MIC can mainly be caused by two bacteria, i.e., 
sulfate-reducing bacteria (SRB) and acid-producing bacteria (APB). SRB typically 
reduces the sulfate in the water and then produces toxic and flammable H2S using organic 
acids and hydrogen from decomposing biomass. During this reactions, SRB produces 
enzyme that removes cathodic hydrogen from steel, which causes rapid pitting of the 
surface [175, 176]. On the other hand, APB produces organic acids which decreases pH 
to create corrosion on metal surfaces such as those of submersible pumping components 
[32]. As already described in the introduction of the thesis, there is a significant need to 
mitigate microbial action so that one can control MIC and H2S production for recycling 
or beneficial reuse of produced water [6-9, 46, 47]. 
Currently, a variety of different physical, chemical, and biological methods (i.e., 
filtrations, chemical oxidation, chemical biocides, and precipitation) [10, 21] are used for 
the treatment of produced water and flowback water because there are a number of 
different treatment targets as described in Chapter 1. 
 
Section 5.2 was prepared based on the following journal article: 
HS. Kim, K. Wright, P. Joshua, D. J. Cho, and Y. I. Cho, Inactivation of Bacteria by the 
Application of Spark Plasma in Produced Water. Separation and Purification Technology, 
2015. 156(Part 2): pp. 544-552. 
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Since high-voltage spark discharges generate a number of active plasma species such 
as UV radiation, shock waves, and electric fields and reactive species, the plasma water 
treatment has a potential to address aforementioned multiple treatment targets. Thus, the 
present study described in Section 5.2 examined the efficacy of plasma spark discharge 
for the inactivation of SRB and APB in produced water. In fact, the inactivation of 
microorganisms is one of the most promising areas for the application of spark discharges 
for water treatment [2-4]. In general, the inactivation effect has been attributed to the 
presence of aforementioned active plasma species [1, 78, 101, 177]. Each of these active 
species may play a role in the inactivation of microorganisms [177]. However, most of 
these active species have a very short half-life on the order of microseconds or less 
except for ozone (i.e., O3) and hydrogen peroxide (i.e., H2O2) [88, 89, 178].  
Produced water from shale oil production is very opaque and almost black, whereas 
produced water from shale gas production is relatively clear. In the case of clear 
produced water, the UV radiation becomes very effective, as the penetration depth is 
often greater than 10-20 cm. However, in the case of dark produced water, the 
penetration depth of the UV radiation is short (i.e., < 1 cm). In addition, due to a short 
half-life of most active plasma species, the diffusion distance of these active species is 
small. Hence, it is essential to have microorganisms in close proximity to the plasma 
discharge for effective treatments in the case of dark produced water. Hence, the present 
study was designed to use two different test modes in the application of plasma 
discharge: one was a batch test and the other was a once-through flow test. In the former, 
the water was not circulated in the reactor and thus microorganisms located far away 
from the plasma discharge may not be effectively treated. In the latter, the plasma reactor 
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was designed such that produced water and hence microorganisms pass by plasma 
discharge in a close proximity, i.e., making direct contact with active plasma species and 
at the same time being exposed to UV within a distance less than 1 cm.  
The study in Section 5.2 is based on the hypothesis that the inactivation of bacteria in 
water is mostly by the UV radiation and can be accomplished instantaneously [179]. In 
addition, the inactivation by the active plasma species other than UV is by direct contact 
(i.e., a diffusion process). Note that in case of transparent water, UV was reported quite 
useful in the inactivation of microorganisms, and the required energy cost was relatively 
small, i.e., 0.36 kJ/L [76]. However, for opaque water such as those from shale-oil 
production, the penetration of UV can be limited as noted early, and thus UV becomes 
less effective in the inactivation of microorganisms.  
In consideration of those hypotheses and aforementioned needs, the objectives of the 
study in Section 5.2 were to develop a plasma water treatment system for the generation 
of spark discharges in high-conductivity water and to investigate the effectiveness of 
spark treatment on the inactivation of both APB and SRB in both clear and opaque 
produced waters. In addition, the study in this section investigated the energy cost of the 
spark treatment of produced water, including the residual effects of plasma treatment on 
the inactivation of microorganisms.  
5.2.1. Experiment methods 
5.2.1.1. Experiment setup 
Figure 62 shows the present test setup which was composed of a plasma reactor with 
coaxial electrode connected to a HV power supply, two water reservoirs (each 56.7 liter), 
water pump (3/4 hp), flow meter, two flow-control valves, two water sampling ports, and 
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connecting PVC piping (1/2 in. STD pipe). One reservoir (#1 in Figure 62) was to store 
untreated produced water, whereas the other reservoir (#13 in Figure 62) was to store the 
treated produced water. In the case of once-through flow test, the water flow rate into the 
plasma reactor was controlled by adjusting two valves located in main flow line and 
bypass line. In case of batch tests, the plasma reactor was filled with produced water 
using the pump, which was turned off during the test.   
 
Figure 62. Schematic diagram of the present test setup in the dynamic flow mode. 
1- Water reservior (pre-treatment), 2- Water pump (3/4 HP), 3- Bypass flow line, 4- 
Water flow meter (Max. 10 GPM), 5- Sampling port of pre-treatment, 6- Spark reactor, 7- 
Coaxial spark electrode, 8- HV Spark power supply, 9- Air flow meter, 10- Plasma-
treated water line, 11- Sampling port of post-treatement and drain, 12- Drain, 13- Water 
reservior (post-treatment) 
 
5.2.1.2. Coaxial electrode system for the generation of spark discharge in water 
  Figure 63 shows the plasma reactor and coaxial electrode system. The plasma 
reactor was made of transparent PVC pipe (4 in Schedule 80, inside diameter = 97 mm, 
length = 250 mm), which could contain approximately 1.8 L of produced water. Figure 
64 shows the schematic drawing of the coaxial electrode system. The coaxial cylindrical 
electrode consisted of the following components: (1) a negative HV electrode made of a 
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316 stainless steel acorn nut connected to a HV power supply via a long stainless steel 
extension tube with an inner diameter of 5.3 mm, and (2) an outer cylindrical ground 
electrode made of 316 stainless steel with an inner diameter of 26.6 mm (1 in STD 
stainless steel pipe). The two cylindrical electrodes formed a coaxial configuration and 
were electrically separated by an insulating material (i.e., glass-filled Teflon) except for 
the acorn-nut tip having 15-mm length at the end of the HV electrode. The radial gap 
distance between the tip of the HV electrode and the surrounding ground electrode was 
5.5 mm, the distance that provided an optimum electrical resistance for the ignition of 
spark discharges.  
 
Figure 63. Schematic drawing of the spark-plasma treatment setup in the static flow 
mode. (unit: mm) 
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 Compressed air was introduced through the inner channel of the HV stainless steel 
extension tube to the gap space between the tip of the HV electrode and surrounding 
ground electrode. After experimentally varying the flow rate, airflow of 0.08 L/s was 
found to be an optimum value for the present study. The airflow rate was controlled and 
monitored using a flow meter with a control valve. 
 
 
Figure 64. Configuration of the coaxial electrode of spark discharge used in the present 
study. (unit : mm) 
 
 
 The spark discharge in both static and dynamic flow mode was utilized by HV power 
supply and pulse generator which was already explained in the previous Section 3.2. The 
measurement of voltage and current profiles produced by the power supply was also 
described in Chapter 3. Using the voltage and current profiles shown in the Figure 23, 
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the energy cost to inactivate the bacteria in produced water was obtained as shown in 
Figure 24. 
The energy in a spark discharge for one pulse can be calculated by the two different 
methods as explained in Section 3.2:     
 Energy (J per pulse) = 0.5 CV2 = 0.5 (16 µF) (4 kV)2 = 128 J/pulse             (3-3) 
  Energy (J/pulse) from integration method =∫ U(t) I(t) dt = 80 J/pulse           (3-4) 
The actual value of the spark energy per pulse should be between the two calculated 
values. Form the two energy values (Energy per pulse), the second was used to calculate 
the energy cost for the strict application in the results of this study.   
5.2.1.2. Measurement of APB and SRB in pre- and post-treated water 
 Produced water samples used in this study were from shale-gas production 
(Springville, PA) and shale-oil production (Eagle Ford, Texas). The produced water from 
shale-gas production appeared clear, while that from shale-oil production was almost 
black. Both produced waters were used in batch tests as well as in once-through flow 
tests. However, the plasma treatment did not give any positive results in the case of black 
produced water from shale-oil production in batch test, probably because UV could not 
penetrate much in this case. Accordingly, test results from this case are not included in 
the paper. 
 Initial concentrations of APB and SRB varied from 103 to 107 cfu/mL. The cfu 
counts were determined using the most probable number (MPN) method as per NACE 
Standard TM0194-2004 [180]. Total nine tests were performed in batch test mode, and 
total five tests were conducted in once-through flow mode.  
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 In batch tests, two 100-mL water samples were collected from the plasma reactor 
before and during the plasma treatment for the measurements of cfu counts at t = 0, 1, 3, 
5, 10, and 15 min. One water sample was incubated immediately for cfu measurement, 
while another sample was held for 24 hours before incubation so that the residual effects 
of active plasma species from plasma treatment on the inactivation could be examined. 
 In once-through flow tests, produced water was circulated and mixed at the reservoir 
(#1) using bypass line (#3) for 5 min in order to have a uniform dispersion of bacteria. At 
the end of the circulation, two 100-mL produced water samples were collected from the 
reservoir (#1) and the bypass line as control and were incubated for cfu measurements. 
Then, the produced water was pumped through the plasma reactor at three different flow 
rates (i.e., 0.063, 0.189 and 0.315 L/s). For cfu measurements after plasma treatment, two 
100-mL samples were collected from the reservoir (#13). All water samples were held for 
24 hours and then, incubated for cfu measurement considering the residual effects in 
plasma-treated water. After the completion of each test, the entire system was cleaned 
with 30% bleach solution first, then with tap water repeatedly, and dried for the next test. 
 For the incubation of water samples for cfu measurements of APB, 1-mL water 
sample was collected using a 3-mL sterile syringe with needle (23 gauge) from 100-mL 
water sample, which was continuously stirred with vortex mixer (Fisher Scientific: Genie 
2). The 1-mL sample was added to the first serial dilution bottle of 9 mL (Phenol Red 
Dextrose, Gold cap, OSP Microcheck Inc.) and each 1-ml collected from subsequent 10-
mL diluted sample was transferred to the next dilution bottle. This dilution process was 
repeated six times sequentially as shown in Figure 65(a). Six contaminated Phenol Red 
Dextrose samples were then incubated at 35 ± 0.5 °C for 14 days. After the 14-day 
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incubation period, the APB concentration was determined in cfu/mL by observing how 
many vials within the serial dilution had turned from red to yellow color, a phenomenon 
that indicates a positive reading of APB presence. For example, Figure 65(b) shows 103 
cfu/mL for APB. 
 In the case of SRB, cfu values were determined using SRB check bottles (Modified 
Postgate’s B, Red cap, OSP Microcheck Inc.) (see Figure 66(a)), where each 2-mL water 
sample from 100-mL water sample was added to bottle, respectively. Then, contaminated 
SRB check bottles were incubated at 35 ± 0.5°C up to 10 days. A positive reading 
indicating the presence of SRB is shown by a black color in the bottle (see Figure 66(b)). 
No color change (i.e., transparent liquid remains transparent) indicates a negative 
reading, i.e., absence of SRB. Color changes were monitored daily from day 1 to day 10, 
and cfu/mL value was determined by the duration of color changes from the chart on 
Table 12. 
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(a) 
(b) 
Serial 
dilution  10
1 102 103 104 105 106 
 
Figure 65. Picture of culture media (Phenol red dextrose) for APB in produced water and 
its interpretation in the study: (a) taken at the beginning of the incubation, (b) taken at the 
end of the incubation, yellow = positive and red = negative of APB.  
 
 
 
 
(a) (b) 
 
 
 
 
 
 
 
 
Figure 66.  Picture of culture media (Modified postgate’s B) for SRB in produced water 
and its interpretation in the study: (a) taken at the beginning of the incubation, (b) taken 
at the end of the incubation, black = positive and clear = negative of SRB. 
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Table 12. Guide chart to interpret color change of SRB bottles.  
Interpretation of color change  
Days to turn positive SRB (cfu/mL) 
1 - 2 10,000 + 
2 - 4 1,000 - 10,000 
4 - 6 100 - 1,000 
6 - 8 10 - 100 
8 - 10 1 - 10 
10 + Negative 
 
 
5.2.2. Results of the use of spark discharges for the inactivation of APB and SRB in 
produced water 
 Figure 67 shows the results of the inactivation of APB versus plasma treatment time 
using clear produced water in batch test. The values of cfu/mL were determined for water 
samples collected at t = 0, 1, 3, 5, 10 and 15 min for two different incubation protocols: 
immediate incubation and 24-h delayed incubation to observe the residual effects of 
active plasma species in produced water. 
 The log reduction of APB calculated from cfu/mL data consistently increased with 
increasing plasma treatment time in both incubation protocols. In the case of immediate 
incubation, the plasma treatment resulted in 0.7-log reduction for one-min treatment and 
2.5-log reduction for 15-min treatment. On the other hand, in the case of 24-h delayed 
incubation, the plasma treatment resulted in 1-log reduction for one-min treatment and 3-
log reduction for 10-min treatment. Consistently, the 24-h delayed incubation case gave 
significantly better inactivation than the immediate incubation case. 
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Figure 67. Results of spark treatment for inactivation of APB in static flow of produced 
water:  
Note: Log reduction was determined by the changes in the cfu/mL. (0 Hr = immediate 
incubation at the completion of plasma treatment, 24 Hrs = incubation in 24 hours after 
the completion of plasma treatment, PT = plasma treatment) 
 
 Figure 68 shows the SRB inactivation results versus plasma treatment time obtained 
using clear produced water in batch test. One-min treatment of produced water did not 
show any SRB reduction. However, plasma treatment began to show significant 
reduction from 3-min treatment case, and the number of log reduction gradually 
increased with increasing treatment time in both incubation protocols. In the case of 
immediate incubation, the plasma treatment resulted in 0.3 ± 0.2 log reduction for 3-min 
treatment, 0.7 ± 0.5 log reduction for 5-min treatment, and 1.2 ± 0.2 log reduction for 10-
min treatment. On the other hand, in the case of 24-h delayed incubation, the plasma 
treatment resulted in 0.7 ± 0.3 log reduction for 3-min treatment, 1 ± 0.5 log reduction for 
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5-min treatment, and 2 ± 0.01 log reduction for 10-min treatment, almost 2 times better 
than the case of immediate incubation.    
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Figure 68. Results of spark treatment for inactivation of SRB in static flow of produced 
water:  
Note: Log reduction was determined by the changes in the cfu/mL. (0 Hr = immediate 
incubation at the completion of plasma treatment, 24 Hrs = incubation in 24 hours after 
the completion of plasma treatment, PT = plasma treatment) 
 
 Energy cost for the inactivation of bacteria using plasma treatment was determined 
using the value of energy cost (kJ/L per 1-log reduction) calculated from energy per 
pulse, frequency of pulse, treatment time, and the volume of water (i.e., 1.8 L) as shown 
in the following equation:  
 Energy cost (kJ/L) = (Ed /pulse) x 8 Hz x treatment time (min) x 60 s / 1.8 L  (5-5) 
 Figure 69 presents the energy costs for APB and SRB inactivation as the function of 
the plasma treatment time using clear produced water for both incubation protocols. In 
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the case of immediate incubation protocol, the energy cost for the inactivation of SRB 
was approximately 3.6 times greater than that for the inactivation of APB. The energy 
costs for the 24-delayed incubation protocol were consistently smaller, by about 50%, for 
both APB and SRB compared to those obtained from the immediate incubation.  
 Figure 70 compares APB inactivation results in the case of 24-h delayed incubation 
with plasma treatment in once-through flow test for both clear produced water and dark 
produced water. The tests with clear produced water were conducted with an initial APB 
concentration of 107 cfu/mL, whereas the tests with dark produced water were conducted 
with an initial APB concentration of 104 cfu/mL. The difference in the initial APB 
concentrations was due to the different characteristics of produced water from two 
different locations.  In the tests with clear produced water, two different flow rates of 
0.063 and 0.189 L/s were used, while in the tests with dark produced water, three 
different flow rates of 0.063, 0.189 and 0.315 L/s were used. 
Incubation of clear water samples was repeated three times, giving 2 ±1 log reduction in 
APB concentration after plasma treatment for both 0.063 and 0.189 L/s of flow rates in 
24-h delayed incubation. The energy costs corresponding to 0.063 and 0.189 L/s cases 
with clear water samples were 5.1 and 1.7 kJ/L/1-log reduction, respectively, see Figure 
71.     
 In the case of dark produced water with initial APB concentration of 104 cfu/mL, 1-
log reduction was observed at flow rate of 0.063 L/s with an energy cost of 10.1 kJ/L/1-
log reduction. In the case of 0.189 L/s, a 0.7-log average reduction was observed with an 
energy cost of 4.8 kJ/L/1-log reduction. In the case of 0.315 L/s with initial APB 
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concentration of 105 cfu/mL, a 1.3-log average reduction was observed with an energy 
cost of 1.7 kJ/L/1-log reduction, see Figure 71.  
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Figure 69. Energy cost of spark discharge to treat APB and SRB in static flow of 
produced water.  
 
 It is noted, however, that SRB concentrations remained unchanged in once-through 
flow tests, maintaining the initial value of 104 cfu/mL. Hence, the energy cost for plasma 
treatment was based on APB reductions. In general, the higher the flow rate, the lower 
the energy cost was obtained in the once-through flow tests. It is also shown that APB 
inactivation was more efficient in clear produced water, a fact that could possibly be 
attributed to more effective UV irradiance in clear water, as opposed to opaque, very dark 
water. In addition, pH and ORP (oxidation reduction potential) in pre- and post-plasma 
treated water were measured but there was no significant change in both pH and ORP 
even in the plasma-treated water for 15 min.  
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Figure 70. Results of spark treatment for inactivation of APB in dynamic flow of semi-
transparent and dark produced water. 
Note: Log reduction was determined by the changes in the cfu/mL. (IC = Initial cfu/mL) 
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Figure 71. Energy cost of spark discharge to treat APB in dynamic flow of semi-
transparent and dark produced water.  
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5.2.3. Discussion of the use of spark discharges for the inactivation of APB and SRB 
in produced water 
 Experimental results in the present study provided supporting data for the validation 
of spark treatment of produced water. More specifically, the effectiveness of spark 
discharge with its active plasma species and UV radiation was demonstrated for the 
inactivation of APB and SRB in produced water. The study also demonstrated the 
residual effect of plasma treatment on the inactivation. The energy cost for 1-log 
reduction of APB for both clear and dark produced water in the present study was 1.7 
kJ/L at a flow rate range of 0.063 – 0.315 L/s in the once-through flow test (i.e., see 
Figure 71). Note that the previously reported energy costs for the inactivation of bacteria 
in clear water varied from 3.3 to 33.3 kJ/L for 1-log reduction, depending on types of 
plasma used, for example, corona, capillary discharge and dielectric barrier discharge 
(DBD) [72, 158, 159], and 0.34 kJ/L for 1-log reduction for pulsed spark discharge [86].  
Comparing the energy cost from the present study with the values from the previous 
studies, the pulsed spark discharges used in the present study can be considered as one of 
the most energy-efficient methods. Note that the energy cost in the previous studies were 
obtained with mostly E-coli bacteria in clean water condition (i.e., distilled water or 
certain saline solution) for the less-stress to the cell. In contrast, the present study 
attempted to inactivate APB and SRB, which are believed to be much more difficult to 
kill than E-coli. Furthermore, the analysis of produced water between pre- and post-
plasma treatment water was more complicated because produced water contained not 
only aforementioned bacteria but also many other materials including fracking additives, 
elevated levels of metals (i.e., calcium, magnesium, barium, strontium, etc.), dissolved 
solids (e.g., brine), organics, and radionuclides that occurred naturally in deep ground 
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waters, In addition produced water can also include lead, ethylene glycol, diesel, and 
formaldehyde, as well as benzene, toluene, ethyl-benzene, and xylene (e.g., BTEX) 
compounds [5-7, 9, 10]. In other words, the plasma energy was also consumed to oxidize 
and dissociate some of these materials, generating beneficial treatment results. 
 It is believed that the UV radiation generated from spark discharge played an 
important role in the inactivation of both APB and SRB in produced water. Thus, the 
energy cost of plasma treatment for APB was much smaller in clear produced water than 
in dark produced water as the UV radiation penetrates much farther in clear produced 
water than in dark produced water. 
 The results of the present study showed that spark treatment in a once-through flow 
test gave better results, i.e., a smaller energy cost, than in static flow, probably due to 
more uniform mixing and close encounter, resulting in a more efficient APB inactivation. 
Accordingly, the present study indicated that the energy cost for 1-log reduction of APB 
for both clear and dark produced water improved (i.e., decreased) as the flow rate 
increased. This can be attributed to the fact that active plasma species produced by the 
spark discharge could be better dispersed throughout the entire volume of produced water 
at a higher flow rate, leading to a more efficient inactivation.  
 In addition, the effects on the APB and SRB inactivation by active plasma species 
can be clearly explained from the results in the static flow mode when comparing 
between the immediate and 24 hours delayed incubation after the completion of the 
plasma treatment. From the log reductions in cfu/mL of the APB and SRB, there are the 
residual effect for further inactivation in plasma-treated water after 24 hours of the 
holding time. The biological inactivation by active plasma species from the plasma-liquid 
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interaction was validated by a number of studies. Especially, they explained that plasma 
discharge can generate active plasma species such as OH, O, O2*, H2O2 and NOx which is 
effective for the antibiotics as a strong oxidizer as explained in the chemical reaction 
from Equations (2-1) to (2-10) in Table 7 of Chapter 2 [1, 69, 78, 101, 177]. 
These reactions occur with the dissociation of water molecules in the plasma-water 
interface. When air is the carrier gas, nitrogen oxides can be formed from gas phase 
reactions of dissociated nitrogen and oxygen [85, 102, 104, 106-109].   
Additionally, this plasma-liquid interaction can generate other oxidizing species such 
as hypochlorous acid (HOCl) [87, 181] working as the biocides as shown in reactions 
from Equations (5-6) to (5-8) because of higher concentration of Cl- and NaCl in 
produced water [10]. Ozone (O3) in Equation (5-10) was produced from plasma-gas 
phase discharge [1, 181].   
Cl−  +   OH     →    HOCl−                                                (5-6) 
H+   +   O3   +   Cl-   →   HO3Cl                                         (5-7) 
HO3Cl      →     HOCl    +   O2                                          (5-8) 
 It can also induce oxidation (FeOH)2 and (FeOH)3 of Fe (II) to the coagulation and 
flocculation [1, 96, 172] of the bacteria and solids in produced water from in the reactions 
from Equations (5-2) to (5-4) as explained in Section 5.1 due to lots of source of 
dissolved iron and metal in produced water [1, 172, 173].   
4Fe2+     +    O2   +   2H2O    →     4Fe3+   +    4OH−             (5-2) 
Fe2+       +    2OH−        →     Fe(OH)2 ↓                                      (5-3) 
Fe3+       +     3H2O       →      Fe(OH)3 ↓     +   3H+              (5-4) 
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However, it is not clear in this study how much concentration of each species is generated 
and which species mainly contributed to the bacterial inactivation in produced water. As 
mentioned early, the analysis of the active plasma species in plasma-treated produced 
water is complicated because of the highly complicated characteristics of produced water 
caused by the hydraulic fracturing process.  
5.2.4. Energy cost of spark treatment system for 100 gpm of produced water  
 For the plasma treatment for APB and SRB given in Section 5.2, the energy cost 
analysis for plasma treatment was conducted at a higher water flow than the one used in 
the present study. The spark plasma treatment for APB and SRB inactivation was 
performed at 0.063, 0.189 and 0.315 L/s (i.e., 1, 3, and 5 gpm) of water flow rate in the 
present study. The energy cost of 1.7 kJ/L for 1-log reduction (i.e., 90% reduction) for 
APB was found at 0.315 L/s in produced water from the shale-oil production (i.e., dark 
water). Based on this energy cost, the energy cost for 2-log reduction (i.e., 99% 
reduction) for a larger flow rate of the industrial scale, i.e., 100 gpm (2.4 bbl/min), was 
calculated and given in Table 13.  
 As shown in the table, the energy cost of the plasma treatment for 2-log reduction for 
the treatment volume of 100 gallons was 0.358 kWh (i.e., 1,292 kJ). The energy cost of 
pumping and recirculation 100 gallons of produced water for one-minute plasma 
treatment was 134 kJ. Hence, the total energy cost for the treatment of 100 gallons was 
1,426 kJ (0.395 kWh), which results in $0.048 per 100 gallons (i.e., ~2.4 barrels). 
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Table 13. Energy cost of plasma treatment of 100 gallons of dark produced water 
 
Energy cost Volume Log reduction Reduction rate 
1.7 kJ 1-liter 1-log reduction 90% 
3.4 kJ 1-liter
2-log reduction 99% 1,292 kJ  
(0.358 kWh)  100 gallons
 
Energy cost of water pump for 100 gallon per min 
Power of pump Treatment time Volume Energy cost 
2240 W (3 hp) 60 Sec 100 gallons 134 kJ (0.037 kWh) 
 
Total Energy cost 1,426 kJ (0.395 kWh) for spark treatment at 100 gpm 
$ 0.05  
= 0.395 kWh 
*Note: The average price that people in the U.S. pay for electricity is about 12 cents per kilowatt-
hour. 1 kWh = 1 kJ/s x h = 1 kJ/s x 3600 s = 3,600 kJ (Context: A typical U.S. household uses 
about 908 kWh a month of electricity.) 
 
5.2.5. Conclusions of Section 5.2 
 The study [166] in this section investigated the effect of pulsed spark discharges on 
the inactivation of APB and SRB in both clean and dark produced waters. Spark 
treatment tests in both batch and once-through flow modes were performed, and the 
reduction in cfu/mL of APB and SRB were evaluated. UV radiation together with active 
plasma species produced by the spark discharge was instrumental in the inactivation of 
APB and SRB. Residual effects of active plasma species were found to improve the 
inactivation process of bacteria in produced water. 10-min plasma treatment using spark 
discharges could inactivate APB and SRB by 3-log and 2-log reductions, respectively, 
from the initial concentration in the batch test. The spark treatment in once-through flow 
test showed more efficient inactivation results in terms of the energy cost for 1-log 
reduction than in batch test. 
   
150
5.3. Conclusions of Chapter 5  
 The first study [167] in the chapter investigated the feasibility of short-pulse spark 
discharge to remove the suspended solids from filter surfaces in synthetic and real 
produced water. Shock waves generated by spark discharges prevented the accumulation 
of the particles on the filter surface, keeping the pressure drop across the filter surface 
relatively low, similar to the initial values. As the flow rate of produced water, TDS, and 
TSS were increased, the efficacy of spark-assisted self-cleaning (SASC) filtration 
decreased due to the limited filter surface area used in the present study. The range of 
water properties that were shown to be filterable with the current spark discharge 
technology using 10-in long stainless steel mesh filter was TDS level less than 50,000 
mg/L and TSS level less than 2,500 mg/L. It is believed that that the range could be 
further expanded with a larger filter than the one used in the study. In general, the 
pressure drop across filter surface maintained with spark discharges was at a level 
corresponding to that of clean filters or significantly smaller compared to those obtained 
from the baseline test without spark discharges. An optimization study is recommended 
to determine the specific condition of the SASC filtration, including filter pore size, filter 
surface area, flow rate, TDS, and TSS. Furthermore, the filter housing can be redesigned 
such that the suspended particles pushed away from the filter surface by the shock waves 
of spark discharge can be permitted to fall to a pre-determined space by gravity, and as a 
result would not adversely affect the performance of SASC filtration. 
  The second study in the chapter [166] investigated the effect of pulsed spark 
discharges on the inactivation of acid-producing bacteria (APB) and sulfate-reducing 
bacteria (SRB) in both clean and dark produced water, both of which can cause 
microbiologically-influenced corrosion (MIC). Spark treatment tests in both batch and 
   
151
once-through flow modes were performed, and the reductions in cfu/mL of APB and 
SRB were evaluated. The spark treatment in once-through flow test showed more 
efficient inactivation results in terms of the energy cost for 1-log reduction than in batch 
test. 
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Chapter 6. Concluding remarks 
 The present study investigated the feasibility of plasma discharge for the treatment of 
produced water. Two types of plasma discharge (i.e., gliding arc discharge (GAD) and 
short pulse spark type discharge) were utilized to generate UV, shock waves, and other 
plasma reactive species. 
 The plasma treatment system in this thesis was developed to investigate the 
feasibility of treating wastewater from oil and gas production, particularly to deactivate 
bacteria preventing microbiologically influenced corrosion and to keep filter surfaces 
clean with a plasma-assisted self-cleaning filtration system in produced/frack water.  
 The key accomplishments of this thesis are summarized as follows: 
1. A remote gliding arc discharge (GAD) system with water injection achieved a 
significant inactivation in a large volume of E-coli-contaminated water. 
 The quantitative measurement of H2O2 concentration in plasma-treated water was 
performed at a range of water injection and air flow rates to the GAD system. A 
significant amount of H2O2 was generated by GAD with the dissociation of water 
molecules by the plasma-water interaction and the recombination process of 
hydroxyl radicals.  
 GAD with water injection decreased pH from 6.15 to 3.55 in 20 L of water due to 
water molecular dissociation and production of H3O+ ions and HNO3.  
 The inactivation ability of H2O2 and low-pH in plasma-treated water is further 
enhanced by the use of microbubble generators and residual effect of plasma 
byproducts during the post-treatment storage period without the input of additional 
plasma energy.  
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2. A new co-axial electrode and high frequency spark power supply were developed and 
applied for the self-cleaning filtration study in high-conductivity produced water. 
 The spark-assisted self-cleaning filtration concept was validated using 10-in 
cartridge filters of 3- and 5-micron pores in water samples having TDS levels ≤ 
50,000 mg/L and TSS levels ≤ 2,500 mg/L.  
 Shock waves generated by spark plasma discharges prevented the accumulation of 
the particles on filter surfaces in tests using both synthetic and actual produced 
water.  
 Pressure drops across the filter surface without spark discharges increased 
consistently over time, often resulting in pump failure due to excessive pressure 
buildup at the pump, whereas pressure drops with spark discharges remained almost 
constant at initial values. 
3. The feasibility of the inactivation of acid-producing bacteria and sulfate-reducing 
bacteria in produced water was investigated using a newly-developed spark plasma 
system with a new co-axial electrode design.  
 Combination of UV radiation and active species generated by spark plasma 
discharge played important roles in the inactivation of APB and SRB in produced 
water.  
 In static batch tests (no flow), 10-min plasma treatment of water showed a total 3-log 
reduction of APB and 2-log reduction of SRB using the most probable number 
method in cfu/mL units in semi-transparent produced water.  
   
154
 In a once-through flow tests, 2-log reduction of APB was observed in semi-
transparent produced water, whereas 1-log to 1.5-log reductions were observed in 
dark produced water.  
 The ABP deactivation energy efficiency (D-value) for the once-through flow tests 
was 1.7 kJ/L per 1-log reduction in dark produced water.  
 The present study demonstrated the efficacy of plasma treatment with spark plasma 
discharges for both the aims of bacterial inactivation and water softening with produced 
water from shale-oil and shale-gas drilling. The present study also investigated the energy 
cost of plasma treatment for produced water in a plasma reactor that can be scaled up in 
size to large industrial water flow rates. 
 There were several limitations and challenges in the application of high-voltage 
plasma discharges for the treatment of wastewater. In order to address the limitations and 
challenges in the present study, the following suggestions and recommendations are 
provided for future research.  
1. The durability of electrodes should be further investigated and improved as high-
temperature plasma discharges can thermally degrade electrode materials. One 
should find a heat-resistant material that can withstand the high temperature 
environment created by plasma. In addition, one should design the reactor where the 
intense heat at the electrodes can be efficiently dissipated by water. 
2. Because plasma water treatment requires a high-voltage power supply (HV PS), a 
more powerful and reliable HV PS should be designed and fabricated for the 
treatment of larger volumes of water. The maximum power of the HV PS used in the 
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present study was less than 1 kW. However, for the treatment of a large volume of 
water, a significantly more powerful HV PS, e.g., greater than 5 kW, is needed. 
3. The present study utilized several DC and AC HV PSs, all of which were designed 
and fabricated in our laboratory, since there were no commercially available HV PS 
systems that were appropriate for the our plasma water treatment application. In this 
regard, new standards or guidelines for the specification and construction of HV PS 
used in plasma water treatment applications are needed.  
4. Produced water, particularly the darker produced water from shale-oil exploration, 
contains a substantial amount of dissolved light hydrocarbons including BTEX 
(benzene, toluene, ethyl-benzene, and xylene). Plasma discharges will likely be able 
to oxidize these light hydrocarbons efficiently, and future studies should validate the 
removal of these hydrocarbons from produced water by plasma. 
5. The optimal design of the plasma reactor should be obtained through computational 
fluid dynamics (CFD) modeling in terms of the optimized dimensions of the reactor 
relative to flow rates in once-through flow tests. 
6. Additional mathematical and chemical modeling of plasma processes of water 
treatment should be performed in the future to support ongoing experimental 
research. 
7. Although the co-axial electrode system was found to last significantly longer than a 
needle-type HV electrode, longer term endurance tests of days or weeks should be 
conducted to verify the reliability of the present co-axial electrode system over such 
extended periods of time. 
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Appendix A. Experimental data of self-cleaning filtration with spark discharge 
Table A1. Experimental data of Figure 55 in Section 5.1 
Recirculation 
Time (min) 
Curve No. on Graph 
1 2 3 4 5 6 
0 1.43 1.44 1.60 1.90 2.01 2.17 
0.5 25.28 8.50 63.65 25.26 29.06 2.22 
1 33.40 10.40 79.42 30.43 200.78 11.04 
1.5 37.58 9.76 89.97 30.47 212.87 75.19 
2 47.74 8.60 103.56 28.39 220.43 194.34 
2.5 51.06 10.17 121.33 30.41 225.89 194.84 
3 56.32 10.27 142.30 29.13   202.84 
3.5 64.69 11.39 160.25 29.68   209.46 
4 72.09 8.98 177.01 29.13   210.34 
4.5 80.50 9.95 191.29 29.94   202.53 
5 86.44 10.21 216.59 29.20   202.79 
5.5 90.29 10.76 230.20 30.14   204.20 
6 95.62 9.69 237.84 30.39   204.91 
6.5 99.30 9.74 257.49 29.79   207.62 
7 99.87 8.62 261.73 29.27   207.57 
7.5 121.99 8.95 271.77 29.23   208.89 
8 122.17 8.80 280.22 30.12   210.92 
8.5 122.58 9.04 284.04 29.25   212.58 
9 124.56 9.74   29.13   211.58 
9.5 125.49 9.98   29.15   213.41 
10 131.04 10.74   30.57   216.23 
10.5 135.25 9.81   30.11   215.26 
11 136.02 10.27   28.95   215.92 
11.5 139.73 10.80   29.26   216.50 
12 138.92 10.49   29.02   217.59 
12.5 140.92 11.18   29.97   214.39 
13 140.68 10.13   28.75     
14 154.12 8.88   29.50     
14.5 155.00 11.10   29.05     
15 156.68 9.98   29.72     
15.5 155.60 11.31   29.57     
16 156.29 11.56   29.05     
16.5 155.36 10.61   28.46     
17 155.79 10.99   29.23     
17.5 174.34 10.05   30.32     
18 173.77 10.39   29.56     
19 177.94 10.04   30.12     
19.5 175.42 10.96   29.75     
20 175.38 11.08   29.91     
20.5 174.64 9.63   29.79     
21 174.88 9.88   30.37     
22 175.93 10.05   29.94     
22.5 175.91 11.78   29.60     
23 176.84 10.06   29.91     
24   10.07   28.92     
25   11.57   29.57     
25.5  10.06  28.92   
26   10.08   28.39     
27   9.43   28.97     
27.5   11.25   29.79     
28   11.47   29.87     
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Table A2. Experimental data of Figure 57 in Section 5.1 
Recirculation
Time (min) 
Curve No. on Graph 
1 2 3 4 5 6 
0.0 1.40 1.40 1.40 1.40 1.10 1.10 
0.1 4.42 4.42 4.71 4.71 38.07 38.07 
0.2 5.36 5.36 12.27 12.27 91.38 48.90 
0.2 10.11 10.11 24.52 24.52 148.31 104.78 
0.3 19.70 10.11 48.68 62.87 226.03 132.72 
0.4 26.52 13.97 62.82 76.84 239.12 146.69 
0.5 29.46 20.26 75.18 90.81 296.86 146.69 
0.6 32.54 20.96 100.78 104.78   146.69 
1.2 44.56 20.96 216.88 132.72   146.69 
1.8 47.13 27.94 255.57 160.66   160.66 
2.4 55.69 27.94 278.49 174.63   174.63 
3.0 54.53 34.93 300.15 181.61   188.60 
3.6 58.22 34.93   188.60   202.57 
4.2 59.22 34.93   195.58   202.57 
4.8 59.26 34.93   202.57   202.57 
5.4 64.69 34.93   216.54   209.55 
6.0 62.37 41.91   216.54   216.54 
6.6 63.83 41.91   230.51   244.48 
7.2 66.09 41.91   230.51     
7.8 66.73 41.91   230.51     
8.4 67.09 48.90   244.48     
9.0 67.64 48.90   244.48     
9.6 72.04 48.90   251.46     
10.2 76.42 48.90   258.45     
10.8 77.42 62.87   258.45     
11.4 73.59 62.87   258.45     
12.0 80.80 62.87   258.45     
12.6 83.00 62.87   258.45     
13.8 85.58 62.87   258.45     
14.4 91.80 62.87   265.43     
15.0 86.45 62.87   265.43     
15.6 91.20 62.87   272.42     
16.2 87.33 62.87   272.42     
16.8 90.06 62.87   279.40     
18.0 91.72 62.87   279.40     
18.6 87.50 62.87   286.39     
19.2 90.96 62.87         
19.8 88.81 69.85         
20.4 95.46 69.85         
21.0 90.55 76.84         
22.2 94.85 76.84         
22.8 95.96 76.84         
24.0 93.49 76.84         
25.2 101.84 76.84         
25.8 101.57 76.84         
26.4 104.50 76.84         
27.0 105.46 76.84         
27.6 144.86 76.84         
28.2 140.81 76.84         
28.8 138.54 76.84         
30.0 144.40 76.84         
31.0 144.40 76.84     
33.0 145.34 76.84         
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Table A3. Experimental data of Figure 58 in Section 5.1 
Recirculation 
Time (min) 
Curve No. on Graph 
1 2 3 4 
0.00 1.96 1.93 0.76 0.76 
0.05 6.63 6.62 2.91 2.91 
0.10 13.59 13.58 17.13 17.13 
0.15 21.55 13.79 45.07 34.48 
0.20 29.17 13.79 72.56 55.16 
0.25 33.59 20.69 102.35 68.95 
0.30 35.55 20.69 118.98 89.64 
0.40 37.31 20.69 133.82 103.43 
0.80 44.74 20.69 172.73 110.32 
1.20 46.24 20.69 214.13 131.01 
1.60 52.57 20.69 228.80 158.59 
2.00 52.85 20.69 265.11 172.38 
2.40 57.85 20.69 272.25 172.73 
2.80 60.81 20.69 290.21 193.06 
3.20 64.57 20.69 293.06 193.06 
3.60 64.30 20.69   199.96 
4.00 69.50 20.69   199.96 
4.40 69.66 20.69   206.85 
4.80 72.03 20.69   206.85 
5.20 75.60 20.69   206.85 
5.60 77.91 20.69   220.64 
6.00 79.26 22.06   220.64 
6.40 83.85 24.13   227.54 
6.80 89.44 27.58   227.54 
7.20 91.47 27.58   227.54 
7.60 90.54 27.58   227.54 
8.00 93.33 27.58   234.43 
8.40 94.53 27.58   234.43 
9.20 95.07 27.58   234.43 
9.60 95.28 27.58   234.43 
10.00 113.75 27.58   241.33 
10.40 118.54 27.58   241.33 
10.80 120.48 27.58   241.33 
11.20 119.55 27.58   255.12 
11.60 120.50 27.58   255.12 
12.40 128.27 27.58   255.12 
12.80 134.42 27.58   262.01 
13.60 134.18 27.58     
14.00 134.11 31.03     
14.80 133.20 36.54     
15.20 143.39 42.06     
15.60 146.86 44.82     
16.00 144.14 48.27     
17.20 148.19 48.27     
18.40 145.16 48.27     
19.60 145.16 48.27   
20.00 151.25 48.27     
20.40 154.85 48.27     
21.20 157.27 48.27     
22.00 158.63 48.27     
22.40 154.92 48.27     
24.00 160.78 48.27     
24.80 157.29 48.27     
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Table A4. Experimental data of Figure 59 in Section 5.1 
Recirculation 
Time (min) 
Curve No. on Graph 
1 2 3 4 
0.00 1.54 1.38 0.83 1.38 
0.05 2.08 2.96 4.32 13.79 
0.10 5.58 2.33 21.55 27.58 
0.15 11.60 3.37 44.87 48.27 
0.20 18.09 4.32 76.21 62.06 
0.25 24.77 7.32 106.51 82.74 
0.30 28.98 5.67 124.81 103.43 
0.35 30.30 6.22 138.64 103.43 
0.40 31.21 6.90 149.26 103.43 
0.80 55.77 17.24 228.62 137.90 
1.20 71.97 13.79 268.76 172.38 
1.60 78.69 13.79 286.82 193.06 
2.00 91.43 10.34 297.92 193.06 
2.40 93.40 13.79   227.54 
2.80 106.73 13.79   241.33 
3.20 113.72 13.79   241.33 
3.60 128.69 13.79   241.33 
4.00 135.71 17.24   234.43 
4.40 158.31 13.79   234.43 
4.80 161.80 13.79   262.01 
5.20 164.33 13.79   268.91 
5.60 181.91 13.79   275.80 
6.00 187.42 17.24   282.70 
6.40 190.33 13.79   289.59 
6.80 192.06 13.79     
7.20 210.22 13.79     
7.60 212.19 13.79     
8.00 213.97 17.24     
8.40 226.38 13.79     
8.80 231.29 13.79     
9.20 234.40 13.79     
9.60 235.30 13.79     
10.00 237.19 17.24     
10.40 248.03 13.79     
10.80 261.55 13.79     
11.20 269.67 13.79     
11.60 269.33 13.79     
12.00 270.25 17.24     
12.40 272.08 13.79     
12.80 292.12 13.79     
13.20 292.33 13.79     
13.60 293.22 13.79     
14.00 292.33 17.24     
14.80   13.79     
15.60   13.79     
16.00   17.24     
17.60   13.79     
18.00   17.24     
18.80   13.79     
20.00   17.24     
22.00   17.24     
24.00   17.24     
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Table A5. Experimental data of Figure 60 in Section 5.1 
Recirculation 
Time (min) 
Curve No. on Graph 
1 2 
0.00 2.03 2.03 
0.05 3.16 3.16 
0.10 3.30 3.30 
0.20 12.77 8.23 
0.30 43.60 12.77 
0.50 52.58 16.13 
0.80 59.23 27.58 
0.90 86.24 34.48 
1.00 148.26 37.92 
1.10 211.01 48.27 
1.20 246.61 51.72 
1.30 293.03 55.16 
1.50 327.27 62.06 
2.00   68.95 
3.00   96.53 
4.00   103.43 
5.00   117.22 
6.00   124.11 
8.00   124.11 
10.00   124.11 
11.00   124.11 
12.00   144.80 
13.00   144.80 
14.00   151.69 
16.00   151.69 
17.00   158.59 
19.00   158.59 
20.00   165.48 
23.00   165.48 
24.00   172.38 
26.00   172.38 
27.00   172.38 
29.00   172.38 
30.00   179.27 
31.00   179.27 
32.00   179.27 
34.00   179.27 
37.00   179.27 
39.00   179.27 
41.00   179.27 
43.00   179.27 
45.00   179.27 
49.00   179.27 
50.00   186.17 
52.00   186.17 
53.00   193.06 
55.00   193.06 
57.00   193.06 
59.00   193.06 
61.00   193.06 
64.00   193.06 
65.00  193.06 
67.00   193.06 
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